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Field of invention 

The invention concerns a method of machining materials, specifically a method of cutting 
nonmctallic materials, primarily glass, quartz, ceramics, and a device for accomplishing it. The 
invention can be used for high precision cutting of both nonmetallic sheet materials as well as 
articles that have the shape of bodies of revolution, for example glass tubes. 

Prior art 

There is a large number of quite different methods of cutting nonmetallic materials: 
thermal or flame cutting, mechanical scribing using diamond or hard alloy tools, cutting with the 
aid of an abrasive tool, as well as various types of laser cutting. In each case a specific technical 
task is solved and necessary requirements on productivity, quality and precision of cutting are 
met. 

In a number of cases it is necessary to resort to preliminary cutting followed by 
mechanical finishing of edges in order to satisfy high requirements on the precision and quality 
of the cut edges. This results in high labor intensity and, as a consequence, high net cost of the 
resulting articles. 

Therefore, research and development of new efficient methods of cutting nonmetallic 
materials and devices implementing these new methods of cutting is an important task. 

There is a known method of cutting glass tubes that includes scoring along the cutting 
line, subsequent heating of the cutting line with a laser beam, in which case a bundle of tubes is 
rotated in front of a laser ribbon beam with simultaneous travel along it and, after beins heated 
up, the cutting line is cooled (USSR Inventor's Certificate No. 857025;. 

This method makes it possible to obtain satisfactory results in the cutting of thin-walled 
small diameter tubes of glass that have a coefficient of linear thermal expansion greater than 50 x 
10 7 deg. However, it is not very suited for the cutting of tubes of heat resistant glass and cannot 
assure high quality in the cutting of sheet materials. This is connected with the fact that when 
cutting tubes along the entire closed circular contour with repeated revolution in front of the laser 
ribbon beam there is a gradual increase of the thermal stresses, and upon subsequent cooling of 
the cutting line a through parting crack forms along the entire annular contour. The use of such a 
culling system lor c\ m.-iiorials is inexpedient ano difficult to implement. 

Tccre i: ;' " . !;rpv r ' ' •'■•-<- n<- n • ■ ■ ■ <;-.< rv -\- u t < [ 1( >.>i;.>,. -k., 

cutting line w- c, a t, .;}, for example laser ioeai cooliiiL oi ;..c irradia-ed > cgion usms: a 

coolant with relative movement of the region of healing and of the coolant (PCT/GB93/00699). 

This method produces a result that is not bad in the case of linear cutting of nonmetallic 
sin <■! materials, b n i 1 c;, -moi support c;ch <;;i;.-lity - v-'i precision of cc-': - ; ;.> n - ; , c:r\( 



contour. In addition, this method has low cutting process stability when the radiation power 
density is high and cutting speeds are high. 

This is connected with the fact that when using a laser beam with elliptical cross section 
and Gaussian distribution of the radiation power density heating is accomplished in a very 
narrow zone with a sharp increase of temperature from the periphery to the center. It is extremely 
difficult to obtain a stable process of thermal cracking at high velocities and, therefore, high 
power density, since heating the material is often accompanied by overheating in the central part 
of the irradiated region, i.e., the softening point of the material is exceeded, which is 
unacceptable if high quality cutting is to be obtained. 

In addition, when this method is used to cut nonmctallic materials along a closed curved 
contour the quality of l he cut is low. As is known, when cutting along a curved contour, in 
accordance with the said invention, the elliptical beam must be oriented along a tangent to the 
curved contour at every point. However, this leads to broadening of the curved regions of 
irradiation and disruption of symmetry of the temperature fields relative to the line of cutting, 
which sharply degrades the cutting quality. Serious problems also arise in the closure of the 
separating crack in the case of cutting articles with a closed curved contour. 

There is also a known device for cutting nonmetallic materials that consists of a laser, on 
the optical axis of which is mounted, with the possibility of traveling along said axis, an optical 
focusing system that forms an elliptical laser beam on the surface of the materia), and near the 
region of irradiation of the material between the optical focusing system and the material there is 
mounted, with the possibility of moving relative to the region of irradiation of the material, a 
mechanism lor feeding a coolant into the cutting /.one, and the device contains a means of 
securing the material being cut and a means for relative movement of the material and the laser 
beam and the coolant (USSR Inventor's Certificate 1231813). 

In this device a coordinate table with movement along the X and Y coordinates and also a 
turntable that provides for angular movement along coordinate <j> is used as a means for relative 
movement of the material that assures production of parts with a curved cutting contour. Cutting 
is accomplished with movement of the material in front of a stationary elliptical laser beam that 
heats a naiK-w /.-•.•• .' die euttinr line, after feeding an a:; water mi- :■ x . -•. h K :h is an 
citicionl c.v-. • /,iK<' <>; no.- v.v-\ through a n.i>vlo 

x ' " c i ;:e e>- ■ ■ - ■ 

each tune lioin the edge of the plate, where there is always a sufficient nv of weak sr 
with microdefects, which are stress concentrators, from which the formation of the parting crack 
takes place in the cutting process. 

•'! • oe vice cannot as: :io a ii,-i'h c.v.ing quality in the fonr. : . if a clo.od 
cuiacu cuihi,;: contour. 1 his is duo to the absence of detects on ttic surlace o, Uic material alon<> 
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the cutting line, which might serve as the origin for initiation and development of a crack. In 
addition, the described device is inefficient in the cutting of sheet materials thicker than 2 cm, 
since the formation of the parting crack occurs at a low velocity, and its depth is not sufficient to 
obtain high quality separation. 

Disclosure of invention 

This invention is based on the task of creating a method of cutting nonmetallic materials 
and a device for accomplishing it, in which an improvement of the reliability and productivity of 
the process and also of the quality and precision of cutting are assured due to a change of the 
conditions of heating and of the parameters of the laser beam and also owing to the use of special 
construction elements and a system of controlling the actuating elements in the device. 

This task is solved by the fact that in the method of cutting of nonmetallic materials that 
including the cutting line with a thermal, for example laser beam, local cooling of the region of 
irradiation with the aid of a coolant with relative movement of the region of irradiation and 
coolant, in accordance with the invention, the heating is accomplished with a beam having a 
distribution of radiation power density that diminishes from the periphery to the center of the 
beam in the cross section passing through the center of the beam on the surface of the material. 

This provides optimum conditions for heating the material along the cutting line, which 
on the one hand assures more uniform healing over the entire width of the region of irradiation of 
the material and which on the other hand excludes overheating of the material along the cutting 
line. The use of a laser beam with the said power density distribution makes it possible to expand 
substantially the range of technological parameters of cutting and to improve the reliability and 
repeatability of the process of cutting, while at the same time improving the quality of cutting 

The heating of the material along the cutting line must be accomplished with a beam that 
has a shape on the surface of the material that essentially coincides with the cutting outline. 

When cutting along a curved contour having the form of a circle, it is necessary to 
accomplish heating with a beam that has, on the surface of the material, a crescent shape form 
with radius of curvature essentially coinciding with the radius of the circle. 

V.'h..:- *ing along a closed com •■■r it is oxpedien; to accomplish heating u nh a beam 
that Ik::- eS: cni:.; = \ i -e form ol the clos-. v uHiiniiro:.; wie surface of the mauwai. 

' " ' -•■•^ ! 1 :- * !\--- ^ h.-- • - coinciding w ■:■ 'he cri:m? < -^v-??- ^ ' - 

llH; - "■ lf ' al i ■ ; • .v.einc; v ■ < ; ; .lociaslic s; ; - ses, whi- 'h in -.: *-n ;,<■■• e--. ; 

improvement of the quality of cutting along the curved contour and also an increase of the 
productivity of cutting. 

Ii is expedie:- to app 5 ;- : o , ^:c > v/\;ee of the mateiia: on the cutting ii :i e before 
beginning the cooimg ol the region of initiation oi tiic material. 
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This provides an increase of the precision of cutting and also facilitates the condition for 
initiation of a parting crack on the surface of the material, which increases the reliability of the 
cutting process. 

This task is also solved by the fact that in the device for cutting nonmetallic materials that 
contains a source of thermal radiation, for example a laser, on the optical axis of which is 
mounted, with the possibility of moving along it, an optical focusing system that forms a laser 
beam on the surface of the material, and near the region of irradiation of the material between the 
optical focusing system and the material is mounted, with the possibility of moving relative to 
the region of irradiation of the material, a mechanism for feed of coolant into the cutting zone, 
and also the device contains a means of securing the material being cut and a means for relative 
movement of the material, at least relative to the coolant, in accordance with the invention the 
sequence and time of actuation of the laser with the optical focusing system and the coolant feed 
mechanism, and also the place and duration of action of the laser beam and the mechanism for 
feeding the coolant are linked to the means for relative movement of them via a control system 
and are chosen with consideration of the initial point of cutting in the formation of a specified 
contour of cutting of a nonmetallic material. 

This assures high culling quality aiong a closed lincai conunu due to pjvLi>e initiation 
and completion of the parting crack. 

It is expedient for the optical focusing system to contain an optical element, for example 
an axieon that converts the laser beam with Gaussian beam power distribution to a beam that has 
beam power distribution that diminishes from the periphery to the center of the beam in the cross 
section on the surface of the material. 

It is necessary for the optical system to contain an optical element that forms the laser 
beam on the surface of the material into a shape thai essentia": ly coincides with the cullin° 
contour. 

The use of such optical elements assmcs the formation of optimum icdisiribuiion of the 
radiation power density in the beam on the surface of the material and it also optimizes the 
conditions for heating the material over any cutting contour. This assures an improvement of the 
reliability anc j::c ,; \ ity of the r:ocess and of the cut in v. <.\\.:: v : w. 

In M,L '- * : < - f - 1'* - - ^ ...i ^-m. a me-. iKir.^m io, m r a sen... 

placed between the optical focusing system and the material. 

It is desirable to connect the control system to the mechanism for application of the 

scoring, '.ue optical focusing systcr:. a ' :he medial,,; for fee;:' r r coo!a?:- S o iL ; :;ia:iui: () ( 
the optical focusing system is done u hen iiie optical axis ol n t e ja^e; earn ess, coincides 



7 



with the center of the scoring, and the time of actuation of the coolant feed mechanism has a 
delay ti with respect to the moment of actuation of the optical focusing system that is defined by 
the ratio: 

b/2 + l 

V • 

V 

where h is the length of the laser beam on the surface of the material; 
v is the velocity of relative motion; 
1 is the distance from the laser beam to the coolant; 
after actuation the optical focusing system and coolant feed mechanism are in the 
working position for a time of at least one technological cycle, which is defined by the ratio: 

L + b/2 



whore 1 . is the length of the cutting contour; 

u is the time of one technological cycle. 

The use of a scoring mechanism controlled via the control system and also the operation 
of the other actuating elements and mechanisms of the device in dependence on the initial cutting 
point, i.e.. on the point of application of the score, makes it possible to obtain absolutely high 
repeatability of the process of cutting any complex precision articles. 

Il is also c : \. -!vc in a number of cases W. provide the device additional!*.- with a means 
for heating, and as a means for heating the material one can use a flat heater, on which the 
materia! being e ■.. " is pi ■* ■•. 'nod. 

In a number of cases it is expedient to use as means for heating the material a source of 
thermal radiation, for example, a laser, infrared lamp or gas burner. 

The use of such sources of hea! assures more effective heating o r bulky iavers of material 
• '■ r-'c c. • . ' <„ . > ; r ,: \ . ' _ ',:•. . _ , i , • • •• • 

n..iiv. i lai thicker th;... 2 mm 

Thus, by optimizing the conditions of heating and the beam parameters and also by the 

use of the described structural elements in the device, inclndi?--.- control of functional elements nf 
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the device, via a system of control, one achieves an increase of the reliability and productivity of 
the process, and also of the quality and precision of cutting. 

Best embodiment of the invention 

Below the invention is illustrated in an example with reference to the affixed drawings, in 

which: 

Figure 1 is a graphic dependence of the distribution of the temperature of heating of the 
surface of the material by a laser beam that has a radiation power density distribution that 
diminishes from the periphery to the center of the beam in the cross section passing through the 
center of the beam; 

Figure 2 shows a scheme of cutting along a curved contour by a beam having a shape on 
the surface of the material that essentially corresponds to the cutting contour; 

Figure 3 shows a scheme of cutting along a circumference in correspondence with the 
prototype method (1) and the proposed invention (II); 

Figure 4 shows a device for cutting nonmctallic materials in accordance with the 
invention; 

Figure 5 shows a scheme of cutting along a closed curved contour. 

The method of cutting nonmctallic materials consists of the following. When the surface 
of the material is heated with laser radiation in the infrared range, for example a CO ? laser with 
wavelength 10.6 pm, for which glass, quart/, ceramics and a number of other brittle nonmctallic 
materials are nontransparent. compressive stresses arise in the zone of irradiation in the surface 
layers. After local cooling of the region of irradiation the thermal stresses change sign to the 
opposite sign. i.e.. at the "heating-cooling" boundary tensile stresses arise, which under certain 
conditions lead io the formation of a parting crack in the material. Among the ha ie parameters 
that affect the technological cutting conditions are first of all the parameters of the laser beam on 
the surface of the materia!. For example, the use of a laser beam that is elliptical in shape, which 
is elongated along the cutting line, leads to an increase of the cutting rate and depth of the crack 
that forms. 

Hi.we\er. t!-'* <p-> o»" a beam of laser radiamn with (iaus-ian power densitv distribution 
for- the jrgmic •. ; -e*-Tr.-:«i ^huir-" h;< s s!^-:ir;:!^ problems a^cj i ■ n )• ; : ; runs. »-j v- • I . this is 

' Vnl:aI 1 "I With S: Sfl. i I Ol i ......... \ x) y- t ;J [ itC j . , ■■■■ ')■_ , 

Such heating conditions are not optimum, since often they lead to overheating of the material 
along the cutting line, where the heating temperature exceeds the softening point of the material, 

v. ! - h 'cads to a saa; a de'eriorat ;np of oii;.M Tl - . 



According to the proposed invention, it is necessary to accomplish the heating of the 
cutting line with a beam that has, on the surface of the material in the transverse cross section 
passing through the center of the beam, a radiation power density distribution that diminishes 
from the periphery to the center of the beam. Figure 1 shows the distribution of temperature in 
the heating of the material with laser beam 1, which has the form of an elliptical ring, the power 
density distribution of which in the cross section passing through the center O of beam 1 
diminishes toward the center. At the moment of complete passage of beam 1 the temperature 
distribution curve has optimum form. Maximum heating occurs on the cutting line, but the entire 
region of irradiation is also sufficiently uniformly heated through. Upon subsequent cooling of 
the region of irradiation the tensile stresses in this case will have high values, and the possibility 
of overheating the material along the cutting line is practically excluded. 

It should be noted that a favorable result is achieved not only when using a laser beam of 
circular cross section, where the power density diminishes the periphery to the center, but also 
when using a beam with practically uniform distribution of the radiation power density over the 
cross section, and even with a slight increase of the power density toward the center. 

An analogous positive effect can be achieved if two intersecting Gaussian beams off set in 
the transverse direction relative to each other are used. 

The above described technique of optimizing the conditions for heating the material onto 
the use of a laser beam with specified power density distribution provides an equally hisih result 
both in the case of linear cutting along a curved contour [ sic ] and in the case of cutting alone a 
curved contour when cutting sheet materials and cutting articles that have the form of bodies of 
revolution, for example tubes. 

However, when cutting along a curved contour additional problems arise that are not 
encountered in the case of linear cutting. Let us consider the most important of them. 

It is known that the use of a laser elliptical beam that is elongated along the cutting line 
provides an increase of the productivity and precision of cutting. For cutting along a curved 
contour an elliptical beam has been oriented on a tangent at any point of the curved contour. 
However, this leads to different conditions of heating in linear and curved sections of the cutting 
< "Vi<H;r. a r . j ]) w more elongated the beam along l! cutting hi the higher the cutting rale that 
1 ^-" 5 r " < ;1 ] ' b"- the sane ih c \ r-njee;; v. i< r, • le^iemee. i.;,- mr;^.-. <■.< 

'MIS' i; X •> : . • ; : - r. ■ ■ ' • " " ■ 

- :C01 ' : :- '• '■ ] ^ i{ ' ^ -.pea:-..:: -cc-. : v- s ,:ig with a tva?r tr.a: ;•. 

shape essentially corresponding with the cutting contour on the surface of the material. I ; igure 2 
shows a schematic drawing of such cutting. 
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Here a beam 1, which has the shape of an ellipse elongated along the cutting line, and 
coolant 2 are used in the linear section. In the curved sections the beam has shapes 3 and 4, 
which respectively coincide with the cutting contour. 

Figure 3 shows an example of cutting along a curved contour that has the form of a 
circumference of radius Ri and R2. 

On the left (variation i) is shown the scheme of cutting by the traditional method, where 
elliptical beams 5 and 6 are oriented on a tangent. 

According to the invention (II) it is expedient to accomplish the heating with beam 7 and 
8, which have a crescent shape, with radius of curvature Ri and R 2 , on the surface of the 
material, that essentially coincides with the radius of the corresponding circumference, when 
culling along a curved contour having the form of a circle. 

The use of a crescent shaped beam provides the following advantages: 

- an improvement of the quality of cutting by providing symmetry of temperature fields 
during heating; 

- an improvement of the precision of culling owing to a decrease of the widih of the zone 
of heating; 

- an impro\emeni oi ihe precision of closure of the cracks; 

- an improvement of the precision and reliability of the cutting process. 

When cutting along a curved contour, it is expedient to accomplish heating with a beam 
that lias on the surface of the material essentially the shape of the closed contour. For example, 
when cutting along a circumference of small diameter, it is expedient to shape the laser radiation 
on the surface of the material into a beam of circular shape, and the diameter of the circular beam 
should essentially coincide with the diameter of the circumference. In this case for cutting it is 
sufficient to move the coolant over the circular coniour while keeping ihe material uud laser 
beam stationary. 

However, the best result can be obtained wim simultaneous rotary motion both of the 
laser beam and the coolant, since this assures optimum conditions for heating and cooling of the 
material. 

Such a cutting schcr:-- can be u;ed not only hen culling on a circumference of small 
(fiame:./- l-w aUo \\ •• n o ■'; i -.> , v. i,\:M!j 1K » ir Ma : :> > o; h!, • * • — : --v^ round m;' iado. ; 

^I^ncie: -i = i> ■ - iinis:.!;.. ,j<. .1 p. vision i t gcor:k n :. si/.s. 

In a number of cases it is expedient to additionally apply a score on the surface of the 
material on the cutting line primarily before the beginning of cooling of the region of irradiation 

of the material. 
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The technique of applying a score is not novel in industry, and is frequently used in any 
thermal cutting both of sheet materials and of tubes. However, in our method of cutting, along 
with the industrial techniques listed above, the application of a score provides a completely new 
effect, it makes it possible to obtain very high cutting precision and edge quality without 
requiring additional machining. In addition, the application of a score makes it possible to 
improve the reliability and repeatability of the process of cutting along a curved contour. 

One additional feature of our technique of applying a score that distinguishes it from 
previously known analogous industrial techniques should be pointed out. 

For example, in the prototype method the application of a score is accomplished before 
the beginning of laser heating of the cutting line. However, when cutting quart/ glass the 
subsequent heating would produce annealing, i.e., alleviation of stresses at the stress 
concentrator. Moreover, such a score cannot serve as the initial point for initiation of a parting 
crack. Therefore, in a number of cases, including the cutting of quartz glass, the score should be 
applied immediately before the beginning of cooling of the region of irradiation of the material, 
during the time of heating or immediately after the end of it. 

In this case the depth and width of the applied score can be substantially less than is 
necessary in the previous ca>es of the traditional use of a score. And since the dimensions of the 
score are smaller, this provides an improvement of quality of cutting. 

Moreover, it was established that in a number of cases the application of a score as such 
is not required at all. After heating the cutting line, it is enough for initiation of a crack to apply 
to the material additional, for example mechanical stresses, to it before the beginning of cooling 
of the region of irradiation of the material. 

Let us discuss a specific example of an embodiment of the method. 

nxampic. 

Sheet glass l.J mm thick is cu* into blanks for optomagnctic disks with outside diameter 
130 mm and inside diameter 15 mm. A CO; laser wuh maximum radiation power of 45 \Y j s 
used. Additional heating of the glass was not used. Conical-cylindrical optics that form crescent- 
shaped beams 32 mm long over the periphery of an outside circumference of the disk blank and 
):" mm o-.er the msidc circumference were used in the epical focusing system. Point scoring was 
" '' : ' ; ' } ! ' C; r.eeole. ' ^ o. -•!;>•. -;i'cr miMu. , - >. o (v r 



1m ^ - o :ic large circui. rence . ;-,m . c ove: \\w : ; : » . 

cutting precision was 5 pm. 

Examples of realization of cutting will be described in more detail in the closure of the 

operation of the device. 
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Ixt us look at variations of the device that realize the proposed method of cutting 
nonmetallic materials. 

The device for cutting nonmetallic materials, for example sheet materials, consists of a 
source of thermal radiation, for example laser 9 (Figure 4), on the optical axis of which is 
mounted optical focusing system 10, which consists of pivoted mirror 1 1 and focusing lens 12, 
which forms the laser beam 13 onto the surface of material 14 in the /.one of cutting 15. In direct 
proximity to the cutting zone 15 is situated mechanism 16 for feed of coolant, which is made in 
the form of a nozzle 1 7 and water and air valves 1 8 and 19, winch provide the feed of an air- 
water mixture, which is an effective coolant, into cutting zone 15. The mechanism 16 for feed of 
coolant is provided with guides with micrometer screws (not shown) that assure the possibility of 
precision movement of it along the X and Y coordinates. 

Next to cutting zone 15 is situated mechanism 20 for application of a score, which is 
made in the form of a diamond needle or other cutting tool. This mechanism 20 is mounted with 
the possibility of moving in the vertical plane up to contact with material 14 at the specified 
point with the specified controllable force and for a specified interval of time. Under the effect of 
the diamond needle on the stationary material 14 a point defect of specified depth is formed, and 
the action ot the diamond needle on the n,o„;^ material I-J forms a score ,,f specified length and 
depth on the surface of the material 14. 

To hold the material in the cutting process the device contains a means 21 for securing 
the material being cut. which can be made in the form of securing plates. In th.s case the securine 
plates are made with lateral mirror laces at a 45 u angle and, besides the function of securing the 
material, contribute to initiation of the crack at the edge of the plate. 

1 lowever. the most convenient means of securing the material is by means of a vacuum. 

As a means fur iclative movement of material 14 and the basic functional units, v hju; . e 
the optical focusing system 10. the coolant feed mechanism 16 and the scoring mechanism 20. 
one can use different variations of coordinate tables and turntables for movement of material J4 
or optical transport means for movement of the laser beam and coolant relative to the fixed 
material. 

In this specific device a system c;'m : . --Me I. 3 , and co^-dmate lai-ie 21 i< esed as th,- 



means 22 



s - 1 a..... , 



c ' - - - L .r.ng means 21, ,- ;,ns 22 telalive mow men; : nai . • • 
coolant feed mechanism 16 (cooling by means of control of the water and air valves 18 and 19), 
scoring mechanism 20, optical focusing system 10 and laser 9 is accomplished with the aid of 
control system 25. Omtrol svs.em 25 aceomplishc- com ro I a; .; connection amone a!! , ! t;:e 
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functional elements and actuating mechanisms of the device in dependence on the specified 
program. 

For transformation of a beam of laser radiation with Gaussian power density distribution 
to a beam that on the surface of the material has in the cross section passing through the center of 
the beam power density distribution that diminishes from the periphery to the center of the beam, 
the optical focusing system 10 contains an optical element, for example axicon 26. 

This same optical element can also be used to form a beam having the shape of a ring 
coinciding with the contour of cutting along a circumference. 

It should be noted that to obtain a laser beam with the specified power density 
distribution and specified shape on the surface of the material there are a large number of desian 
solutions that utilize not only transparent optical elements, but also reflecting metal optics as 
well as combinations of them. 

Tn particular, to realize the method of cutting by the scheme shown in Figure 2, one can 
use a stationary pivoted mirror copying the cutting contour, which will convert a ribbon beam 
formed by the cylindrical optics into a curved beam that essentially coincides with the cullins 
contour. This same result can be achieved by using a movable flexible mirror element that moves 
along a copying mechanism and repeats the form of the cutting conn-,,,. 

Jn a number of cases, for preliminary heating of the material 14. the device contains a 
means for heating material made in the form of a flat heater 27 thai is situated on turntable 23. 

One can also use any known source of thermal radiation, for example a laser, infrared 
lamp or gas burner as a means for preliminary heating of the material. 

We will discuss the sequence of operation of the device for cutting nonmetallic materials 
using as an example the fabrication of a part with a closed curved contour 28 (Figure 5). 
Actuation of mechanism 20 applies tl.-e score line at point C of cui; >: (l-'juure .S). At the 
same time the turntable 23 (Figure 4) turns in the counterclockwise direction at a linear velocity 
V = \vR. where w is the angular velocity and R is the radius of th co:uour. and after a time 
interval t 0 = 7iR72 v, laser 9 is actuated. The laser beam 13 begins heating of the surface of 
material 14, beginning from the moment when score 29 is at point I) and coincides essentially 
wiih the center of lv«m M\ Then after time ir.; > • : t, Cr./2+))h valves IS : i;d 19 are opened. 

' !-vs th.- ioi iv)T; <••:' :: 
P ; 1 •~ < - ! v -'eh s, - cads alo-,;. contour 28 as m. terial 14 turns. In time 



2*R + b/2 




laser beam 30 has acted on the material 14 and coolant 2 has been fed to the cutting zone. At the 
end of time t 2 laser 9 is switched off, valves 18 and 19 are closed and the turntable 23 drive is 
disengaged. 

The sequence and initial moment of actuation of the basic functional units in cutting 
along a closed curved contour must be especially strictly observed. Minis, the heating of the 
material 14 must begin at the time when score 29 essentially coincides with the optical axis of 
focusing lens 12, i.e., it is in the center of the laser beam 30. Even more importantly, the 
beginning of feed of coolant 2 must be accomplished immediately at the point with the applied 
score 29, i.e., with a time delay with respect to the start of heating by laser beam 30 of 

b/2 + 1 

v 

If the feed of coolant 2 begins lalei than this moment, the crack will not form, while if n 
begins earlier, the crack will develop in the opposite direction, which will have an aoVcrse effect 
when the crack is completed along the closed contour 28. 

In the case of linear cutting these limitations are less critical and have less effect on the 
precision and quality of cutting. 

In addition, it is very important that deactivation of coolant 2 after completion of the 
technoh ; :ica! cycle not lake place at i!-e same time as the disengagement of laser 9. but rather 
with the same time delay with which it was initiated. Otherwise, completion of the crack aionu 
the e n't ire contour will not occur. 

An important condition in linear cutting and in cutting along a curved contour is strict 
orientation of the position of coolant 2 along the cutting line. Even a slight deviation of the 
position of coolant 2 from the assigned contour 30 will lead to a noticeable degradation of the 
quality o! v .k\-\; and ' ' — ' * ! v y --.^ < ' ■ ■-. 

I tiese advantages o! the . , !,. m <.;' c;:'i.^:_ uoim.* ;:,e m;.;^ u...- n ijna,\'- 

glass, and of the device for accompli.^. .i> .... . .. : \ ; ],c uin^ > . ; < ,\\;. ...i I;v . u\ r 

features, since the exclusion of any of them does not assure achievement of the desired goai. 

The method of cutting with the aid of the proposed device was tested and realized for 
cutting of high precision aiiicie< of glass, quartz, sital and a number of single crystal materials 
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and showed indisputable advantage over the traditional methods of fabricating high precision 
parts and articles. 

The use of the described method of cutting and the device, along with reducing the 
laboriousness of the process by eliminating the operations of diamond-abrasive polishing and 
finishing of the ends of articles, provides improved mechanical strength and operational 
reliability due to the defect-free character of the edge after laser cutting. 

Industrial applicability 

This invention can be used in automobile construction to make windows and mirrors, in 
the electronics industry for making precision substrates for liquid crystal indicators and photo 
templates, magnetic and optomagnetic disks, in the clock industry lor making watch glasses, in 
the aviation industry for making articles of structural optics, in the field of architecture and 
building materials for dimensional cutting of glass, including in the production process, and in 
other fields of technology and production, where high precision articles of nonmctallic materials 
are used. This invention can be successfully used for cutting not only of sheet materials, but also 
fur cutting tubes and other articles that have the form of bodies of revolutions. 

Claims 

1. A method of cutting nonmetallie materials, which includes heating the cutting line with 
a source of thermal radiation, for example a laser beam, local cooling of the region of irradiation 
with the aid of a coolant with relative travel of the region of irradiation and, at least, the coolant, 
which is distinguished by the fact that heating is accomplished with a beam having radiation 
power density distribution that diminishes from the periphery to the center of the beam in the 

ci oss section passing through the center of the beam on the surface of the material. 

2. A method as in Claim ], which is distinguished by the fact that the shape of the beam 
on the surlacc of the materia! essentially coincides with tl ciittin» contour. 

3. A method as in Claims 1 and 2, which is distinguished by the fact that in the case of 
cutting along a curved contour having the form of a circumference, heating is accomplished with 
a beam having a crescent shape with radius ofaiivatmv ..ssentially coinciding with the radius of 
the circumference on the ■ of the materia!. 

•}. A method as in Chm;- ! and 2. which is di.-tingmsr.-d by the k.c; that in cuttinr i:\r.;v 
.i closed cntour heating is accompl..- ' :, d v. ill, r eam hav.ng essential!) the :.-.rm of the closed 
contour on the surface of the material. 

5. A method as in Claims 1, 2, 3 and 4, which is distinguished by the fact that a score is 
additionally applied to the surface of the material on the cutting line, preferably before the 
beginning of cooling of the region of irradiation of jh c material. 
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6. A device for cutting nonmetallic materials, which consists of a source of thermal 
radiation, for example laser (9), on the optical axis of which is mounted, with the possibility of 
moving along it, optical focusing system (10), which forms a laser beam (13) on the surface of 
the material (14) and near the region of irradiation of the material, between the optical focusing 
system (10) and the material (14), is mounted, with the possibility of moving relative to the 
region of irradiation of the material, mechanism (16) for feed of coolant into the cutting zone, 
and the device also contains a means (21) of securing the material being cut (14) and a means 
(22) for relative movement of the material at least relative to the coolant, which is distinguished 
by the fact that the sequence and moment of actuation of laser (9) with optical focusing system 
(10) and mechanism (16) for feed of the coolant, and also the place and position of action of (he 
laser beam (13) and mechanism (16) for feed of the coolant are connected to means (22) for their 
relative movement via a control system (25) and are chosen with consideration of the starting 
point of cutting in the formation of the assigned contour of cutting of nonmetallic material (14). 

7. A device as in Claim 6, which is distinguished by the fact that the optical focusing 
system (10) contains an optical clement, for example axicon (26), that converts the beam of laser 
radiation with Gaussian power density distribution to a beam that has a power density 
distribution that diminishes Jroni the periphery to the center of the beam m the cross sc,i;,.; : - 
the surface of the material (14). 

8. A device as in Claim 6 and 7, which is distinguished by the fact tha; the optical 
focusing system (10) contains an optical element that shapes the laser beam on the surface of 
material (14) into a shape that essentially coincides with the cutting contour. 

9. A device as in Claims 6, 7 and 8, which is distinguished by the fact that it additionally 
contains a mechanism (20) for application of a score, which is controlled by means of a control 
system (25) and is mounted with the possibility of being regulated in thx and l e;. ,,i . n ;i , 
the specified point on the surface of material (1-1). and is situated between the optica! Joci'sim: 
system ( 10) arid the material (I I ). 

10. A device as in Claims 6, 7, 8 and 9, which is distinguished by the tact that the control 
system (25) is connected to the mechanism for application of a score (20), the optical focusing 
system (10) and the m.vh.mism for iced of coolant ( 16 » so that ^nation of the epical focusing 
system (10) j s accomplished when the o; .:;(•;=.: axis of the iasei ■ . am (30) coincn; >. c- . ( - ; . 

vvi ' ; ' : sho cc " u%r o([hc ^'h- (.')). and the time «\' aclu-'ion of-' ricehanis:?: (Jo; f,„- f,..; <•/ 
- 'oiar.1 i2»has;. dela.. ' : v.ith ;;, ti:i ,/,|,, focus, *>>;.•.,. v.j,^. 

defined by the ratio: 
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b/2 + 1 



V 



V 

where b is the length of the laser beam on the surface of the material; 

v is the velocity of relative travel of the material and the coolant; 
1 is the distance from the laser beam (30) to the coolant (2); 
and after actuation the optical focusing system (10) and mechanism (16) for feed of 
coolant (2) are in the working position for at least one technological cycle, which is defined by 
the ratio: 

L + b/2 
v 

where L is the length of the cutting contour; 

t 2 is the time of one technological cycle. 
1 1 . A device as in Claims 6. 7, 8, 9 and 10, which is distinguished by the fact that it is 
additionally provided with a means t'oi healing material (1-4). 

12. A device as in Claim 11, which is distinguished by the fact thai a flat heater (27). on 
which the material to be cut (14) is situated is used as a means for healing the material. 

13. A device as in Claim 1 1. which is distinguished by the fact that a source of thermal 
radiation, for example a laser, infrared lamp or gas burner, is used as means for heating material 
(14). 
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CoTOwmoM OMotcdynapodncM noucrce. 



METHOD ME ™OD OF CUTTING NON-METALLIC MATERIALS AND A DEVICE FOR CARRYING OUT SAID 

Ero^C^CI^^™* 1 CnOC ° B PE3KH HEMET/UUIKHECKHX MATEPHAJIOB H yCTPOftCTBO ^IH 
(57) Abstract 

■ . ."^e invention concerns a method of cutting non-metallic 
matenals using thermoelaatic souses. It involrt heating^ 
Ime »»mg, for example, a laser beam whose power ity 

S^-T 11 "L^ mat !? aI section^ 
S^^L r* 68 fr ° m P^P^ry of the beam to 
the centre, the beam shape at the material aurface substantially 
matchmg the cutting contour. The propoeed device according to 

system (10 containing an axicon (26) and a focussing object 
UZ), a coolant supply mechanism (16), a mechanism (20) for 
the cu^ mean. (22) for the relative displacement of the 

tit "7 c "V*S? meaila(27) for "°PPly»* additional 
heat to the material. The principal functional units and 
mechanisms are controlled by a control system (25) using a 
specific algorithm. 
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Cnoco6 pe3KH HeMeTamiimecieHx MaTepwa^oB nop. B03aeHCTBHeM 
TepMoynpyrax HanpsaceHHH samnonae-rcji b tom, uto Harpes ;ihhhh 
ocymecTBJiaiOT, HanpHMep ;ia3epHMM nyqxoM, HMeiomHM Ha noBepxHocro 
MarepHana b nonepetiHOM cewHHH, npoxomrnjeM Hepe3 uenrrp ny*nca, 
pacnpeaejieHHe iuiothocth mowhocth H3jiyqeHHH,y6biBaioineH ot nepiKpepmi k 
uem-py nymca, npH 3tom <popMa nyqxa Ha noBepxHOCTH MaTepaajia no cymecrey 
coBna^aeT c KOHtypoM pc3KH. 

ycrpoffCTBO no oahomv h3 BapnaHTOB coaepacHT jia3tp 9, oimmecicyio 
cpoxycHpyiomyio cMcreMy 10, coaepacamyto 3kchkoh 26 h (poicycHpyiomHH 
o6be K THB 12, MexaHM3M 16 noaaHH juiaaareHTa, MexaHH3M 20 HaHeceHHs Haapesa, 
cpeflcrao 22 OTHOCHTtyibHoro nepeMememis pa3pe3aeMoro Marepnana 14 H 
cpeacrao 27 Aono^HmrenbHoro HarpeM MarepHajia. ripH stom b ycrpoiicTBe 
pearosyeTca ynpaBjiemie ochobhmmh (pyHKimoHanbHbiMH ysjiaMH h MexamisMaMH 
no 3aflaHHOMy aJiropm-My c noMombio CHCreMbi ynpaBJieHHa 25. 
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CnOCOB PE3KH HEMETAJIJIWHECKHX MATEPHAJIOB H 
VCTPOflCTBO /UIS ETO OCYIUECTBJIEHMH 

06/iaCTb TeXHHKM 

5 HaoepereHHe othochxc, k cnoco6aM o6pa6oxK M Maxep^OB.B Macx„ocx M 

k cnocooy pe3KM HeMera^H.ecxHx Maxep™. npeHMvmecxBeHHo creiom.' 
Z^oTr" M ' VCTPOACTBy ^ H3o6pe TC „„e Mo.er 

mZZoS BMCOK ° TOl,HOft P»» »" — — HCMexa^eCKHX 

io :~;: 6o : — «- — — , 

npeauiecTBviomHM vpoBeHb tcxhhkh 

H eM e ™ CyWeCTB ' VeT 60JIbm0e KOJIHlieCTBO pa**™ cnoco6oB pesxn 

H eM e^„.ecK„x MarepHa.oB: re P MHMecxa 8 hjih erne*,, p^a. «exaHH<«Le 

pen. c noMom^ a6pa3HBHon, HHcrpyMcna. a raxxe P a3*„,„ ue pas^oc™ 
-3CPHOH pe3KH. B Ka^oM cywae pemaerc* onpe^eHnas, xex„„Hecxa a a*™ 
h oeecneMHBa.OTc,, „eo6xo fl „ MU e xpeSoBaHH, k npoHaBOAHxe.McocxH. xa.ec™ m 

TOTOOCTH pe3KH. -winy H 

20 xawecJ T «" V,,aeB flOCTH)KeHMa B " co «»* ^oBaHHH x xohhocth m 
KawecxB, o6 P a6oxaH HU x x P omok np„6e ra K>x k n P eABap„xe™,0H peaxe c 

n0aW " MeX3HH l ieCKOH aOBOfl XOH XpOMOK. 3 XO n P HBO fl „X x 8UC OXOH 

xpyaoeMxoc™ h. xax ceacxBHe. bucoxom c^ctohmocth no^aeM^x hs^hh 

25 „«m. n ° HCK " P33Pa6oTKa HOBWX 3**exTHBH UX cnoco6oB peaxH 

25 ~-m~« Maxepna^oB „ ycTpoiicTB( pea . TO3yioII1HX „ HOBJJe J^* 

pe3KH. siuisreTca aKTvanbHOH 3a;iaMeM. 
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HaBecreH cnocofi pesxn ctckjihhhmx Tpy6oK, BioiioHaioraMM HaHecejme 
Haapeaa no jihhhh peaa, nooieayiomeft HarpeB jihhhh peaa iiaaepnbiM ny<«oM, 
npn 3tom naxer Tpy6o K Bpamarox nepea jiaaepHbm jichtotomm nynxoM c 
OiiHOBpcMCHHbiM nepeMeweHHeM Bjojib Hero, a nooie Harpena jihhhio pesa 
5 oxjiaxnaiOT ( A.C. CCCP N 8570Z5). 

3tot cnoco6 noaBOJiaeT nojiyrorb yflOBjiexBopHx<yibHbie peayjibraTbi npn 

pe 3 KH TOHKOCTGHHblX TpyOOK Ma^OIX) OTaMCTpa H3 CTCXJia C K03(|xpHUHeHT0M 

^HHeiiHoro TepMMiecKoro pacnmpeHHa CBbime 50x10"%^. O/raaxo oh mbjio 
npHroaeH n P H pe 3 Ke ipy6oK h 3 TepMocroiiicoro creioia h He Moxex o6ecne.»m, 
10 BbicoKoro xanecroa dcskh jihctobmx MarepHajioB. 3ro CBaaano c tcm, «rro np H 
peaxe Tpy6ox no bccmv aaMXHyroMV xanbueaoMy xoHtypy np H MHOroxparaoM 
BpameHHH nepea jiaaepHbiM jichtoikhm nyixoM npoHcxoairr nocrenenHoe 
vBejiHieHiie xepMOHanpaacemiH, a np H nooieayioweM oxju^aeHMH *hhh H pesa 
npoHcxoflHT o6pa30BaHne ckboshom paaaenaroweil xpenuiHbj no bccmv 
15 KanweBOMy xoHrypv. npHMeneHHe Taxofi cxeMb, peaxn jut* jihctobux 
MaxepnajioB Heueaecoo6pa3Ho h xpyaHO peajm 3 yeMO. 

H3Becre H raKxe cnoco6 peaxH HeMexjuuwMecxHx MaxepnajiOB, 
BXj.Km.omHH HarpeB jihhhh peaa Teiu.OBb,M, nanpHMep, /.aaepHbiM nvixoM. 
JioxxuibHoe ox^axaeHHe y,acxxa ooXvueHHa c noMoiuwo xjiaaarcrni npn 
20 oniocHTe/ibHOM nepeMemeHHH y<.acrxa oedema h x^aaareHra 
(PCT/GB93/00699). 

3tot cnoco6 aaex HenjioxoA peayjjbraT n P H npaMO^HHeikHoii peaxe 
HeMerajmHHecxHx .nHcxoBbix Maxepna^oB, ho He Moacex o6ecne™T b bmcokopo 
xa^ecTBa h bmcoxoh toihocth peaxn no xpHBoaHHeiiHOMy xonrypv. Kpo M e roro, 
25 yxaaaHHMH cnoco6 HMeex hhsxvjo cxa6.wbHocxb npouecca peaxn np H bucokhx 
3HaMeHHax iuiothocth moiuhocth H^yneHHa h bmcokhx cxopocrax peaxH. 

3xo CBasano c tcm, «rro npn HcnoJibaoaaHHH JianepHoro ny^xa 
3^lti HirnmecKoro ceneHHa c rayccoBbm pacnpeaejieHHeM rmoTHoc™ moiuhocth 
HxiyweHHa HarpeB ocyiuecTBjiaerea b o«ieHb yaxoii 3 o H e c pesxHM vBMHoeHHCM 
30 TeMneparypb, ox ne P H(pe P HH x uenrpy. nojiy™ vctohhhb M h npoaccc 
xepMopacxa^biBaHHa npn bhcoxhx ananeHHax cxopocxH, a oieaoBaxty.bHO, h 
n^oTHocrn moiuhocth Mpe3BbmaHHO woxho, Tax xax HarpeB MarepH^a aawacrvK) 
conpoBoxaaexca neperpeBOM ero b ueHxpa^bHon lacm yiacrxa oojivwchh*, to 
ecxb npeBbiuieHHew TeMnepaxypu pa 3 Man.eHHa Maxepn^a. hto HeaonycxHMO aa* 
35 no^y«ieHHa Bucoxoro xaiecxBa pe3KH. 

KpoMe Toro, npn HcnanbaoBaHHH yxasanHoro cnoco6a peaxH 
He M exa.x.HHecKHx MaxepnaaoB no saMXHyxoMv- kphbo^hhchhomv xohtv P v 
xa^ecxBo peaxH h3acj\hH Hnaxoe. Kax H3BecxHo, np H pesxe no xpHBO^HHefiHOMy 
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KOHTypy, conxacHO yxasaHHOMy „3o6per e HHK>, a^n^ecx™ nvwox ao^eH 
6™ opHeHTHpoBaH no Kacare^HOH b ^Soh Totxe xp„B 0 „HHeftHor 0 xoH^ypa. 
Oa„axo 3TO np„B 0fl HT k ymHpeHHio KpHBojiHHCHHbix y.ac^oB o6™„7„ 
HapymeHKK, chmmctphh reMnepaxypH.x nOJI eH o^ocht^ho ^hhh pesa, ,ro 
5 peaxo yxyjnnaer xa„ecn,o pesxH. Bo3HHxaioT cep^e rpy.HocxH h npn 
3aMbIKaHHH V* 3 ™™™* TpemHH U b c*r.ae peaxn „ 3flMH H c aaMXHv™, 

KpHBOKHHeHHUM KOHTypOM. 

HaaecTHo ram vcrpoHCTBo wa pcaxH HeMcia^ecKHx MaTcpHajiOB 
co^epxamee ^aep, „ a on^xo* och Koropo ro ycraHOBjieHa c BoaMoacHoc™ 
10 npeMemeHH, Bfl o^ „ee on™™* <poxycH P yK>ma a acreua, cpopMHpvwiuM 
^aaepH^ 3^Hnr„wecKHH ny«,ox Ha noBepxHocrn MarepHa.a. a b6™h v,acnca 
o6 WM « MarepHa.a M «c fl y ormn,ecxoH cpoxycHpy^H chctcmom « 
MarepH^OM vcraHo^eH c bo3«o*„oc™o nepeMemeHn, o^ocht^ho v^acrxa 
o^y^eHH,, MarepHa.a mcx3hh3m „ 0fl aw„ xjia*,™™ b sohv pe3 x„. „p„ 3™ 
15 ycrpoHCTBo coaepacHr cpccreo <p„ KcaiIMH pa3 pe3 a eMo ro Ma^a m cpeac™ 

MaTCPMaJ,a " — ^ *™ " — ™ CA.C 

_ B flaH "° M - VCT P°*<™= " xa-ectBe cpeacTsa OTHoorrejibHoro nepeMeineHH* 

20 ^T"' 06eC " e,,HBa,0,nero n °^ e »- C X pHBOJIHHeHHUM XOHTVpOM 

20 peaxn, Hcno^30Ba„ Koopn™™. cro, c nepeMeuieHMeM no xoo Pfl H H a™ X „ 
Y. a Tax>xe noBo P or„ Hfl ««, o6ecne«i HB aK,mHH vrv,OBoe nepe M emeHHe no 

HcnojBHscHbiM ^aepHUM 3^Hn™,ccxHM ny,xo M . Harpeaa.onxHM v 3 kvk, sohv^o 
*»» ^ n °"« no*,™ b sohv narpeea ^epea cpopcynxy Boa^Ho-Bo^Ho* 
a CMecH, SBJisnomeiicsi atptpexTHBHWM xjjaaareirroM. 

ycrpoiicTBo o6ecn«HBaeT npaMOJiHHeibmo peaxv iwac™ no 
Koop^na^M X h Y. Ha^o pesx* ocymecran^r xa^ M « pa3 c Kpajl 
Ha KP ° MKe KOTOPOii ^ HaXOflHTCJ - «*nm»»oe xo^ecrBo 

30 Z WX MCCT C ""W"*""-. '^UZHMHC* XOHUeHTpaTOpaMH 

30 H anp fl ,e„„„. OT KOTOpu x „ np oHcx 0 .„ T o6 P a 3 OBaHHe P a3 fleJ « T pL„„ H b 

npouecce pe3KH. 

0 OT axo aaHHoe ycrpoiicTBo ne mojkct o&oiwki. bucoxopo xanecraa 
peaxH npn no^c™ aaMXHvroro xp„ B o,,„He*„o ro xoHTypa peaxn. 3r 0 C B«3aHo 

mo™ 6h wy^m, „aMa,o M aapo^eHHs, h paaaHTH,, Tpe^H.. Kpojue TOro 

rr Hoe ycTpo " CTBo He3<M}eK ™ BHo ^ p-e jiHCTOBwx l cp „ j b 

CB HUI e 2 mm. TOK xax o6 P a 30B a„ He paa^^efi TpLn* 
n P OHcxo fl HT c hh3koh cxopocT.K,. a ee r,v6H HH hwocwho no ^ vyettHJ! 
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xaqecTBeiflforo paaa&neinia. 



PaCKpWTHe H306peTeHM9 

B ocHOBy HacTMmero H3o6pexeHHs nojioxena aaaaqa coaaan, cnoco6 
5 PC3KH HeMexajunnecKHx warepHiuioB h ycrpoHCTBo jun era ocymecrKneHHs B 
KoropMx 3a ctct H3MeHCRH9 yoiOBHH HarpeBa h napaMerpoB ^aaepnoro nyrnca' a 
xaicxe aa cuer npHMeiieHH* b ycrpoftcrae cneiwa^i,H M x KOHcrpyximoHHHx 
3/ieHCHTOB h chctcmu ynpaiweHHa HcntwiHHTwibHHMM opraHaMH oeecnenHBaexcsr 
noBHmeHHe HaaeacHocn, h npoHSBOflHre^Hoc™ npouecca, a raxace xanecxaa h 

10 TOqHOCTM pe3KH. 

riocxamieHHas aa^a pemaerc* rev. „ T0 b cnoco6e pe 3 KM 
HeMera^HMecKMx HaTepwuo.. BJunonaKnueM HarpeB j,hhhh peaa xen/,oBy M 
HanpHMep. jiaaepHb.*, nywo*. jioxiuibHoe ox^axfleHne vnacxxa o^vwemui c 
noMombH) ^a^areHra np H othocht^hom nepeMemeHMH ywacxxa o6Whh« h 
15 xjuwareHra. comacHo H 3 o6peTeHHK>. „arpeB ocyiuecr^T n v,xo M , hmcioiiimm «a 
noBepxHocTM MarepH^a . nonepewHOM ceneHHH. npoxo M me M uepea ueHxp 
nywa, pacnpcacyieime iuioxhocxh moiuhocxh h^vmchms.. venBaKnuefi ox 
nepnepepMH k uempy nyua. 

3to ooecneMHBaex onxHMa^Hue vcjiobh* Harpe*. MaxepHaju. no „hhhh 
20 pesa. o6ecne*iHBaioooie c o„hoh cxopoHb,, 6o„ee paBHOMepHbjfi nporpeB no ace* 
iimpHHc y^aexxa ofay««« MarepH^a, c apyroft cropoHu, HaanoiaiomHe 
neperpea MaxepHajia no jihhhh peaa. ripHMeneHHe ^asepHoro nyixa c yxasaHHbiM 
pacnpe^eHHeM ^othocth moiuhocth noiiamr 3HaiHTejibHo pacnmpHTb 
wanaaoH xexHo^orHvecxHx napaMexpoa peaxw „ noBuom. „a fle *Hocxb „ 
25 noBTopaeMocTb npouecca pesxH c osHOBpcMeHHbiM noBuweHHeM xaMecxBa peaxH 
Heo6xo fl HMo HarpeB MaxepHa™ no jihhhh pesa ocvwecnmaxb nvnxoM 
HMeiomMM Ha noBepxHocxti MaxepHa^a cpopwy, no cyuxecxBv co B na fl a,omy.o c 

KOHXypOM pe3KH. 

Heo6xo fl HMo np« pe 3 xe no xphbojihhchhomv xonxypv, H M eK>meMy 
30 <popMV oxpy^HocxH. narpeB ocymecnwsm, ny^xoM, hmcouxkm «a noBepxHOCTH 
MaxepHa^a cepnoBH;,HyK> «po P My c paflHVCOM xpHBH3Hbi, no cvmecray 
coBnaaaiomHM c paanycoM oxpyxaocxH. 

H P H peaxe no aawxHyroMy xonxypy ue*ecoo6pa3HO HarpeB oevmeenmarb 
ny^xOM, MMeiouiHM «a noBepxnocxH MaxepHana. no cyuxecxey, .popnv aaMXHvxoro 
35 Komypa. 

npHMeneHne HarpeBa MaxepHana ny«,x a . HMewmero (popnv no 
cymecTBy coBmuaiomyio c xonxypoM peaxn, oeecncHBaer chmmcxphihoc 
pacnpeae^HHe xepMoynpyrax Hapn a *eHMH, o6ecnenHBaK>iiiee b cbow cepeab 
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noBfaimcHHe xanecxaa peaxn no xp„Bo„„„e*HOMy KOHTypy, a T ax* e noBHmeHHe 

npOH3BOOTTeJIbHOCTH PC3KH. 

UuiecooSpaaHo nepe fl Ha^ OM oxaa^eHH* ywacTxa 06^™ 
Marepn^a HaHocHn, Haapea Ha noBepxHocn, MarepM^a Ha *„„„„ peaa " 
5 3ro oeecne^Bacr noBBnneHHe to«,hoct„ pesxn, a raiOKe od^enaer 

ycnoBHe aapo^eHH* pa^^mefi TpemHH* „ a noBepxHOc™ Martha ™> 
noBbimaeT HaaoKHOcn. npouecca pe3xn. 

riocraBJieHMaa aaflana pemarrca T ax*e km. „ 0 b ycrpoHCTBe jma pea™ 
HeMe^H^ecKHx MarepHa.oB, coaepxameM hctchhx TCIUIO Boro h^hkh 
10 HanpHMep, ^ 3ep . „ a omracxoft och xoropom ycraHO&neiia c BoaMoacHoc™ 
nepe M emeH H1I Bfl o, b H ee oxmn.ecxa* cpoKycHpv.onxa,, cacxeMa. <P o P MHpvK>n I a S 
*a3e PHU „ ny,oK „a noBepxHoctH Marep^a. a b6*h3„ ywxxa ofiL*™ 
MarepH^a Mexay onrH.ecxo* cpoxycHpyKMuef, chctcmoh „ MaxepM^OM 

15 ' B03MO>KH0CTb,O ""P«™™ OTHOCHT&ZIbHO y,acTxa o6jrvweHHH 

15 Martha M exaK„3M no*a,„ x.aaareHTa b sohv peaxH, a Tax*e vcrpoHCTBo 
con?™ cpeacrao cpHxcau™ paapeaaeMo™ M arep„a,a „ ^ctbo 

Z:™ 0rO n ™ HHS MaTCPHaj,a ' OTHOCMTejIbHO 

™ reHTa ' C ° rJiaCHO "oeper.HHK,, no^oBax^bHOCTb h momcht bkjuohchhs 
20 C 0nTM,,eC,COii *° K - vc «P-V^eH chctgmoh „ M exa„„3M noaamt xjxa^Hra 

nor,? " nPOfl0JnKHreJIbHOCT1 - °°™*™» - 3CP Ho ro ny, K a h MexaH„3Ma' 

"1 cJrMv^ CBa3aHU C ° CPCflCTBOM HX ° THOCH — ™P«e™«. 
*epe 3 cHcreMy vnpaB.eHH,, „ Bti6paHbj c ynexoM Mecra Ha^a peaxn np H 

no.y, e HH H 3a fl aHHoro xoHrypa peaxH HeMera^ecxom MarcpHa^a 

Sro o6ecne«,HBa CT Bwcoxoe xa^ecrBo peaxH no mmxhvtomv 

25 KpMBO^HHeifHOMV KOHTVpy 33 C „e T -r nm 33 MKHyTOMy 

Ue,ecoo6 P a3Ho, mto6* cmmecxa* ^xycHpv.onzaa cHcreMa coaep^a 

H™eT H r HanPHMeP ' 8KCHKOH ' ^<*W™* nywox .aaepHo*, 

Ha^eHH, c rayccoB^M pacnp eflM CHHeM naoTHoc™ moiuhocth b „y,ox 
30 HMdoniHH Ha noaepxHocTH Marepna^ b nonep^oM ce,e„„ H pacnpeJle' 
njioTHocTH moiuhocth, y6wBaioiueM or nepHcpepwH k uenrpv nv„Ka 

3,eMe„ T H r X ° flHM0, 0^ ™ ,,eC,CaJ, CHCTCMa °n™ecKHH 

3.eMe„ T , *o P MH Pyi om„H „a noBepxHocxH MarepHa^ ^aaepHMH nv,ox b („opM y 

no cymecTBy coBnaflaiowyK) c xohtvpom peaxH. ' 
J5 HpHMeneHHe xaxHx onTMiecKHx a^Me^oa oeecnenHBaer no^vneHHe 

oiTTHMa^ifaHoro nepepacnpe a£ u,cHH fl h^othocth mohihocth m^vhchh,, b nvwxe Ha 
noaepxHocTH M aTep„a,a. a xax.e onTMMH3H P OBaTb v^obhs, „arp eB a Ma^a 
no .KrfoMy xomypy peaxH. 3 TO oW^er no Bum eHHe HaaexHocTH « 
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npoH3BOflHTtfibHocrH npouecca h KaHecroa pc3KH. 

B HexoTophix oiynaax u M ecoo6pa3Ho ycrpoHCTBO cHa6xaTb mcxbhk3mom 
HaHeceHHfl H a fl pe3a. ynpaiwaeMbiM nocpeacTBOM chctcmm ynpaweHH* h 

VCTaHOBJICHHblM C B03MO*HOCTb,0 pery*H P yeMOrO BO BpeMCHH H VCHJIHIO 

5 B03A6HCTBH5I b 3a M HHofi TOixe noBepxHocr* Marep^a, h pasMeweHHbiM' Me*ay 
oimroecxoH cpoxycHpyiomefi chctcmoh h MaiepHanoM. 

^K«yia T£ «,Ho CHcreMy ynpaiuieHHs coeaHrorn, c Mexa hh3mom HaHeccHHS 
Haapcsa. oirraqecKOH (poxycHpyiomeA chctcmoh h MexamwMOM noflaiH 
xraaareirra rax, vro axjiioqeHHe oimmecxofi (poxycHpyioinefi chctcmu 
10 npoH3BOflMTcs n P H coanajjeHHH oirmqecicoft och JiasepHoro nyixa, no cymecrey, c 
cepeflHHOH Haapesa, a B peM« smiioieHHSi MexaHM3Ma noaa<m xjiaflareura HMeer 
saaepacxy t< no othoiiichmio x momchtv BmiioMeHHs. oirrMnecxoif cpoxycHpyiomeH 
CHCTeMbi, onpeaejisieMyio coothouichhcm.* 
b/2 + 1 



15 



v 

rae b - juirnia jia3epHoro ny«ixa Ha noBepxHoc™ MaTepna-na; 
v - cxopocTb OTHocHTejibHoro nepeMeweHHs; 
1 - paccrosHHe ot jiaaepHoro nyuxa ao xjiaaarcma- 
20 np H 3tom noc^e BiunoieHH* orrraMecxas cpoxycpyiomas, CMcreMa M M exaHH3M 
no*,™ xaaaareHxa Haxoasrc* b P a6o«,eM nojioxceHHHH b reweHHe. no xpaHHefi 
Mepe. oaHoro TexHo^orHHecxoro uHiuia, onpeaenseMoro cooTHomemieM- 
L + b/2 



25 



v 

rae L 



juiHHa xoHTypa pe3KH; 
BpeM» oflHoro TexHOJiorHiecKoro uuxjia. 
Hcno^bsoBaHHe b ycrpoiicTBe MexaHH3Ma HaHeceHHa Haapeaa, 
ynpaB^aeMoro nepea CHcreMy ynpaa^eHMs,, a xaxace pa6ora apyrax 

30 HCnO^IHHT&flbHblX OpraHOB M MCHXaHK3MOB VCTpOHCTBa B SaBHCHMOCTH OT MeCTO 

aawia peaxH. to ecn, ot M ecra HaHeceHM* naapeaa. nosBOJiaer no^HTB 
aeco^iJOTHO Bbicoxyio noBTopaeMOCTb npouecca pesx.i nioSvx cjioxhhx 

npeUH3HOHHbIX H3flO<IHH. 

Tax*e xejiaTtnbHo b p»ae orynae vctpohctbo nono^HHTtyibHO C Ha6xaTb 
35 cpeacTBOM m » H arpeBa, „ P h arow b xaqecree cpeflcrsa zlhs, Harpesa MaTepHa^a 
mojkho ..cno^bsoBaTb rmocKHii HarpeBaTWb, Ha koto P om paanemeH paapeaaeMbiii 
MaTepHan. 

B p Me c/iynaeB. uejiecooSpaano b xaMecrBe cpeacTBa zma Harpesa 
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MarepH^a Hcno^aoaax,, hcto^hx rei^om H3/iy<ieHHfi, HanpnMep. *a 3 ep, 
HH<ppaKpacHyio JiaMny wm raaoByio roptyncy. 

IlpHMeHeHHe tskhx hcto„hh K ob xenjia ooecnewHBaer fcwee ^kthbhmh 
Harpes o^x coe B „ aT e pifajia „ xpeoyer Me HWD „x 3He prera ,ecxHx sarpax 
5 fljia npoipesa Maxepiiajia HenocpeacraeHHo b 3 OHe peaxH. 

ripeinjapHTejibHfciH Harpes Marep^a o6ecnewHBaer ya^eHHe cxopoc™ 
peaxH > : rjv&no, paan^mefi Tpem*™. npcHBapHrenw™* HarpeB oco6eHHO 
uejiecoo6pa3eH np H pesxe MarepHajioB to;hi»ihoh cBuuie 2 mm. 

TaxHM oepaaoM, 3a chct onrHMHaaaHH ycnoBHfi „ an , CBa h napaMerpoB 
I0ny«a, a xaxace e^aro^ npHMeHCHHto b ycrpoHCTBe onHcaHHux 
xohctpvktmbhux 3„e M e„TOB, bx™™ ynpa^eHHe (pVHxiiHOHajibHhiMH o Pra Ha M « 
ycrpoHCTBa, lepea cHcreMv ynpaBneHH, Mrac ™ no BUU ,eHHe HaaeacHoc™ „ 
npoH3BOiiHT£/ii>HocTH npouecca, a xaxace xacecxBa h tomhoctm peaKH. 

15 Jlyimmfi BapMam- ocymecTaaeHMa M 3 o6peTeHHs 

B auMctoc „3o6peT*H„e no™ „ a npnMepe BunojiHeHHs co 
cchuixaMH Ha npiw a raeMbie ie P Te*H, H a xoTopwx: 

« Mne ' H3o6 P aMeT rpacpHMecxyn, aaBMCHMocn, pacnpeae™™ 

20 r ^ HarPCBa n ° BePXHOCTH M3TC ™ Jia3epHhIM OV.KOM, HMeiOIUHM B 

20nonepe,HOM ce W npoxo^M iepe3 iieirrp nyqKa , pacnpe^e 
iuiothocth MonzHocTK w^m, y6 M »a,oii«* or nepHcpcpHH k ue„Tpv nvra; 

Ha nn " CXCMy PC3KH n ° «I»««HHdtaOMy Konrypy „V, K OM, HMeiontHM 

«a noBepxHocTH MaxepH^a cpopMy. coanaaa.omv.o no cvzuecxBy c xonxypoM 

PC3KH, 

25 (pHr.3 - cxeMv peaxn no oxpvacHoc™ b cooxbctcxbhm co chocooom - 

npoxoTHHOM (1) m b cooTBeTCTBHH c n pty u, ara eM U M h 3 o6 P gt£hh etn my 

Hsoepe^; " VC,POiiCrBO PC3KH — x . Concho 

^ cpHr.5 - cxeMy peaxH no mmkhvxomv kphbo^hhcmhomv xoMxypy. 

Cnoco6 peaxH HeMenuu.HnecxHx MarepHajioa 3ax™,aeTc* b o.«,VK>meM 
np« narpeBe noBepxHocr,, Marepaaaa *a 3 e P H U M H^yweHHeM HHcppaxpacoro 
imanaaoHa. HanpHMep, Ha^y-cHeM CO,- jraaepa c jvmno* bo*™ 10.6 mxm n*» 

35 mZT CTeKJ10, KBaPU ' KePaMMKa H PM flPyrHX XpVnKHX HeMera^KHx 
35 MaxepHa.oB., aa^norcs, Henpo3pa,„ MM H. b noBepx»ocTH N x coax b aone 

v^cTofi B ° 3HMKaK,T Ha^PS,3KeH,,S, C),CaT,,5, • n0C - ie m " oro owae™, 
v^CTxa o6jiyMeHH5i repMOHanp^eHH* mchsijot anax „a npoTHBono^oacHuii to 

ecrr. „a rpa„„ue "Harp eB -ox* a3Wl e„He" bo3hhk3 kit Hanp^HHs, pacr^HH,,, 
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Koropwc np H onpeawcHHux yoioBHax npHBoaaT k o6pa30BaHHio b MarepicaJie 
paaaeyiawmeH Tpemirahi. K ochobhmm napaMerpaM, bjihshoiuhm H a 
TexHOfloraqecKHe peraMbi pcskh. OTHocarca b nepnyro oqepeab napaMcrrpw 
JiaaepHoro nynica na noBepxHocm MaTepHajia. HanpHMep. npHMCHeHHe JiasepHoro 
5 nyqxa ajumnrmecKoA (popMii, BbrraHyroro jywwib jihhhh pc3Kn, uphboott k 
yBtynreeHHio cxopocni pe3x« a rayfimibi oopasyjoiueiica rpeiUHHw. 

OflHaKo Hcnanb30BaHHe nyqxa -na3epHoro M3JiyneHHa c rayccoBWM 
pacnpefl<yieHHeM iuiothocth modihocth a/is pewiMa TepMopacxajiMBaHHa roieer 
cymecTBeHHue TpyflHOcro h orpaHHuemia. B nepByio oqepeflb 3ro C8S3aH0 c tcm. 
10 uro xaxoH nyqox BU3UBaeT oneHb HHTCHCHBHbiH aarpeB MaTepnajia b 
ueirrpa/ibHOH qacra yiacnca o6/ryqeiuia c peaxHM cnaaoM TeMnepaTypbi x 
nepHCpepHH. Taxne ycnoBna HarpeBa H e amiaioTCfl onTHMajibHbiMH, rax m 
aanacryio npHBOjisT k neperpeBv MarepHiuia aaojib jihhhhm peaa. xoraa 
reMnepaTvpa HarpeBa npeBbiuiaeT Te M nepaTypy paaManjeHHs Marepwa-ia. vro 
15 npHBOAMT k pe3KOMy yxyauieHHio xaqecTBa pe3xu. 

Corjiacno npejuiaraeMOMy H3o6peTeHHio, Heo6xoaMMO HarpeB jihhhh peaa 
ocymecTBjiarb nywou, hmcioiiihm h 3 noBepxHocm MaTepHajia b nonepe«raoM 
ceqeRHH, npoxoflamew qepea ueirrp nyqxa, pacnpeaejieHHe iuiothocth moiuhocth 
H3JiyneHHa, y6bi B aiomeH or nepiKpepHH k ueirrpy nyqxa. Ha cpm-. 1 noxaaaHo 
20 pacnpeflwieHMe reMneparypbi np H HarpcBe MarepHana .naaepHWM itvhxom 1, 
hmooiuhm cpopMy ajumnraqecxoro Kcwibua, pacnpeae-neHHe iuiothocth moiuhocth 
y KOToporo b nonepeiHOM cmchkm, npoxo*anie M qepea ueHTp O nyqxa 1, 
y6uBaer x ueHTpy. K MOMeirry ihwihoi-o npoxoxflCHHa nyqxa 1 xpHBaa 
pacnpeatyieHMs reMneparypbi HMeeT om-HManbHyio (pop M y. MaxamvM Harpesa 
25 npHxoflirrca Ha *hhhk> peaa. oflHaxo h sect yqacrox o&ryqeHHa wcTaToqHO 
paBHOMepHO nporper. n P H nooieayioineM oxjiaxaeHHH yqacnca ooVryqemiH 
eanpaxeHHa pacraxeHHa b flairaoM oryqae 6yflyx MMerb fkuiwnHe anaqeHiia, a 
B03Mo*HocTb neperpeBa MaTepiiana no jihhhh peaa npaxTMqecxH Hcxjnoqaerca. 

CjieayeT oTMeroTb, vro no^ioxirrejibHNM peayjibraT aocTHraeTCfl He 
30 Ttwibxo n P H Hcno.ib30naHHM jiaaepHoro nyqxa xcvibueBoro ceqeHHa, xoraa 
iwoTHocTb moiuhocth y6biBaer or nepncpepHH x ueirrpy, ho h np H Hcno^ibaoBanHH 
nyqxa c npaxTHwecKif paBHOMepHNM pacnepeaejieHneM no ceqeHHio iuiothocth 
moiuhocth H3JiyqeHna. h jiaace c hcbucokhm P octom iuiothocto mouihocth x 
ueinpy. 

35 AHa^ornqHwii nojioacirrejibHbJM jxptpexr Moxer 6brrb aocrarHyr n P H 

ncnoflb30B3HMH flByx nepexpuBaiomHxcH rayccoBbrx nyqxoB. CMeiueHHbix b 
nonepennoM HanpaB/ieHHH apyr OTHocHrejibHo flpyra. 

OnHcaHHbifi Buuie npneM onTHMHsaunH vcaobmh HarpeBa MaTepnana 3 a 
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CT er npHMCHeHHs *a 3 ep„o ro nyuxa c s^hhmm pacnpe aeJ i eM HeM iiaothoc™ 
Momaoc™ aaer OOTnaxoBO bucoxhh peay^Tar k 3 k np H npsMOJiHHCHHOH peaxe 

nO KpHBOJIMHeHHOMV XOHTypy, T3X H n P H peaxe no K P HBOJIHHeHHOMV KOHiypy, a 

-raxxc xax n P H peaxe jmcroBb,* MaxepH^OB, rax m n P H peaxe Haae*™, 
5 HMeiomHx (popMy ten BpameHHs. HanpMMep, Tpy6ox. 

Oflnaxo n P M peaxe no xphbo^ihhchhomv xomypv BoaHHxaror 

flOnOJIHHTe/IbHbie TpyflHOCTH, XOTOp U e He BCTpe«,aK>TC» IipH npSIMOJIHHeHHOM 
pe3Ke. PaCCMOTpHM OCHOBHHe H3 hhx. 

HaBecTHO, «rro npHMCHemfc JiaaepHoro a^HnrHnecxoro nyiaa 
10 BMTSHyroro BflOJ ib „hhhhh peaa, ofiecneiHBaer noB«ine H He npoH3Bo;um y ,bHocTH 
m touhocth peaxH. n P H peaxe no kphbojiuhchhomv xohtvpv npHoenuiH x 
opneHTauHM a/umnrHwecxoro ny^xa no xacare/ibHoii b ,1,060* rouxe 
xpHBOjiHHeHHoro xoHrypa. (Wo aro np„Bo fl Hr x paa^HUM voiobh™ narpeaa 
na npsiMojiHHGHHbix h xpHBOTiHHeHHbix ywacrxax xoHrvpa peaxH. H vew 6W 
15 Bbmrnyr nyMOK Bfl o,ib jjhhhh peaa, rew , c on»o« cto P oh W . Bhinie oeecneuHBaerc* 
cxopocn, peaxH, „o o fl HOBpeMeHO. c apyrofi cropon*, Tpy fl „ee pea^aveM cnoco6 
peaxH no xphbojimhchhomv xomypy m xyace xaqecTBO pe3XM. 

ConiacHo HaoopereHHio, U e*ecoo6paaHo narpeB ocvmecnuism, nvrncoM 
HMciomuM „a noBepxnocTH MaTepna^a cpo P Mv, no cymecrBv cosnaaaKw c 
20 xohtvpom peaxH. Ha (pnr.2 noxaaaHa cxeMa raxoii peaxH. 

3aecb na npjiMOjiHHeHHOM y-racrxe Hcnojibayerca hvhox 1. HMeiomHH 
(popMy 3^r„nca, Bbrranyroro B„o,.b ^hhhh peaa, h xjiaaareHr 2 Ha 

KpHBOJIHHCHHblX V^CTXaX nVROX HMeeT CPOPMV 3 H 4, COOTBerCTBeHHO 

cosnaaaiomyK) c xoirrypoM pe3KH. 

25 Ha 4,Hr.3 noxaaan npMMep peaxH no xphbojimhchhomv xoHrypv. 

HMeiomeMy <popMy oxpyxHocra pajwyca H R t 

Oie B a (BapHanr I) noxaaaHa cxena peaxn Tpa fl HiwoHHbiM cnocofioM, 
KoiTja ajuiHimmecxHe nymcH 5h6 opHeHTHponaHbi no xacarejibHOH. 

CoiviacHO HaoepereHHK) (II), ne^ecooepaaHo np H peaxe no 
30 xpHBo^HHeHHOMv XOHTypy, „ M eK,m eM y <pop„v oxpyxHocm, H arpeB 
ocymecTMs.Tb nyixoM 7 h 8, HMoomHM „a noBepxHOCTM Maxeprcuia 
cepnoB.art.vK) <po P M. c pa„HycoM xphbhhl. R i „ R^. no cyme™ coBnaaaiomMM c 

paflHVCOM COOTBeTCTBVIOmeH OXpyXHOCTH. 

npHMeHenne nynxa cepnoBH flH oii cpopMb. o6ecne««,8aeT oieflVKHiwe 
35 npeMMymecTBa: 

- noBbiiiieHMe xaiecrBa peaxH aa cuer oeecneneHns np H „arpeBe 
CHMMeTpiiH TeMnepaTypHwx no/retf; 

- noBumeHHe tomhocth peaxH aa wer vMeHbrneHHs mnpHKb, aOHbi 
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Harpesa; 

- noBhiuieHHe ToqHocra 3aMbiKaHH9 TpemHHu; 

- noBhinieHHe toihoctm h HaaexHOCTH nponecca pe3KH. 

np H peaxe no 3&mk hytom y xomypy uenecoo6pa3Ho HarpeB ocymecrajurrb 
5 nymoM, hmcioiuhm Ha noBepxHocra Marcpiiajia no cymecrey cpopiuy saMXHyroro 
xomypa. HanpHMep, npn peaxe no ojcpvxhocth Majioro waMerpa, 
wyiecoo6pa3HO aasepHoe HanyqeHHe (popMnpoBan, H a noBepxHoc™ Ma-repHajia b 
njmoK KOJibucBoif cpopMbi, npH 3tom rh&mctp xanbuesoro nyqxa aanxeH, no 
cymecTBy, coBnaaaTb c awaMeTpoM oxpyxHOc™. B 3tom cnyqae run peaxn 
10 flOCra-TOMHO coBepniHTb nepeMememie xjiaaareHra no xojibuenoMy xoHrypy np H 
HenoflBHXHOM MaTepnajie h jia3epHOM nyqxe. 

Xotji TiyioiHii pe3y^bTaT moxct 6bm, nojiyqeH np M oahobpcmchhom 
BpamaT^ibHOM nepeMememm xax jiaaepHoro nyqxa. Tax h xjianareHra, rax kbk 
3to o6ecneiHBaer orrrHManbHbie vcjiobhsi Harpesa h oxjiaxaeHHs MaTcpHaaa. 
15 Taxyio cxeMy pe3xw moxho Hcno/ibsoBaTb He Tanbxo npn pe3xe no 

oxpyxHOCTH Manoro AHaMCTpa, ho h npn Bbipeaxe npjiMoyroyibHbix aaroroBox hjih 
saroTOBOK c He6ojibniHMH paanycaMH saxpynneHHM. K raxoH peaxe 
uejiecoo6pa 3 HO n P H6eraTb np H MaccosoM npoHSBOflcree MHHHanopHbix aerjuieH c 

XeCTXHMM Tpe60BaHHSMH X XaqeCTBV o6pa60TXH TOPUOB H TOIHOCTH 

20 reoMeTpHiecxHx pa3MepOB. 

B psae cjiyqaeB Heo6xoaH M o aonojiHHTejibHo Ha noBepxHocni MarepHa/ia 
Ha jihhhh pesa HaHocHTb Hanpea npeHMyiaecnieHHo nepea HanajioM oxjiaxaemw 
yiacrxa o6jiyqeHHsi MaTepnajia. 

25 n P He M HaneceHMA Haapeaa b tcxhhkc He sBjiaerai hobwm, a Macro 

HcnojTbayercn np M jnoooii TepMMqecxow peaxe xax ^hctobux MarepHajiOB. Tax h 
Tpy6. OnHaxo b nameM cnoco6e peaxH b coBoxynHocTH c BbimenepeqHcneHHbiMM 
TexHHqecxHMH npHCMaMH HaHeceHHe Hanpesa aaeT coBepuieHHo hobmh 3<)xpeicr f a 
hmchho: nosBOJiaer noayqaTb oneHb bucoxvio TOHHOCTb peaxH h xanccTBO 

30 xpomox, He TpySyiomee HHxaxoii aono-rairre/ibHOM o6pa6orxH. Kpowe roro. 
HaHeceHHe Haapeaa nosBoaaeT noBucHTb HaaexHocrb h noBTopHeMocn, nponecca 

pe3KH no KpHBOJIHHeHHOMV xoHTypy. 

Cneayer yxaaai-b eme Ha oany oco6eHHocrb Haiuero np H eMa HaHeceHHn 
Haapeaa, OTJinqaiowyio ero or HSBecrabix panee aHajioramtux rexHHqecxHx 
35 npneMOB. 

HanpMMep, b cnocooe-npoTorone HaHeceHHe Haape3a ocymecrarcseTCs 
nepea HaqjuiOM HarpeBa jihhmh pe3a jja3epHbi M nyqxoM. Oanaxo npn pe3xe 
XBapueBoro crexjia nocaeayjonwH HarpeB npoH3B<yi 6w orxHr, to ecrb cmmie 
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HanpaaceHHH y fl a H Horo KOHuempaxopa Hanp«*e H HH. H raxoH Haapea »e woacex 
caywm, HaqajioM sapoacaeHH* paaaensiomeH xpeumHM. IIo3xomv b pHfle 
cny,aeB,B tom ™o,e np„ peaxe xBapueBoro cre^a, aa^pca oieayex HaHOCHXb 
HenocpeacxBeHHo nepea hs^om ox^a^ein.5, .vwacxxa o6*y,eHHa M axe P Ha*a, bo 
5 BpeMs narpesa win cpa3y ace nooie era 3aBcpmeiuia. 

B 3tom oiynae rJ iy6HHa h nmpHHa Ha mochmoto aaapeaa Moxer 6bm, 
3HaiHTejibHo MeHbuie, we M Heo6xo flH M U e b npe^ymnx ory^ax xpaaHiutoHHoro 
Hcno^oBaHHa Haapeaa. A nocxo^xy pa 3 Mep M naapeaa vMeHbmaKm*, to yro 
o5ecneHHBaer noBbimeHHe xaqecTBa pe3XH. 
10 Btuiee xoro, ycxaHoweHO. «m> b p afle aiy^aeB HaHeccHHs na^peaa xax 

raxoBoro He xpeSyerca bobcc flocraxonHo noce Harpena „h„hh peaa 
aapo^eMHs, rpemHHB, nepe„ H a*«UK>M oxjiaacaeHH* v,acxxa oBjfv^Hm 
MarepHa.ia np^oacHXb k hcmv a ono JI HHxe JI bHb,e. HanpHMep, MexaHHnecxne 
HanpaxeeHHs. 

15 PaccMorpHM KOHKperHWM npHMep peariHaauHM cnoco6a. 

IlpHMep. 

n P OH3Be fle „a peaxa jihctoboi-o crex^ia xojuuhhoh 1,1 mm M 3ait>TOBKH 
M> MaraHTO -°"™-ecxHx flH cxoB c Hapy*„ WM anaMerpoM 130 mm h BHvxpeHHHM 
OTiaMeTpoM 15 mm. Hcno^oBaH CO^- *a 3 ep c MaxcHMajibHoft Monroe™ 

20 H3J iy,eHH fl 45 Bt. Aono.HHxt.ibHbn, narpeB crex^a „e npHMeH^c* B 
onx»,ecxo H *oxycH P yK>me H cncxeMe Hcno,,b30Ba*acb xoHH,ecxo- 
rufiHH^ecxa, onrHxa, cpopMHpyoma* c e pnoBH fl „ Ne ny «,xH whhoh 32 mm no 
nepHMexpy „apy*HOH oxpyxHocxH aarmoBXH flH cxa h 15 mm no bhvtpchhh 
oxpy^HocTH. ToieHHWM Ha^pea ocymecrB^c* c homo^ a.MasHOH ht™. 

25 X^aaareHT (Boaayiimo-BoasHas cMecb) noaaBa™ b 3 ohv peaxH «,epe 3 cpopcyincy 
c saBjiGHxeM Boa^vxa 2 a™, pacxo* BOflM cocra MJ u, 2 m,/mhh. Cxopocxb peaxn 
cocra^a no 6o*binoH oxpyacnocxH 150 mm/c, no BHyxpeHHeft - 47 mm/c 

TOMHOCTb De3XH COCXaBHJia - 5 MXM. 

B OJI ee no fl po6Ho npHMep* pea^uHH pcaxn Syavx onHcanb, np H 
AQ pacxpbiTHH pa6oTbi ycrpoHCTBa. 

PaccMorpHM BapHaHTb, ycrpoHCTBa, pea^yjomero npe^araeMbifi cnoco6 

pe3KM HCMeTajUIHqeCXHX MaTCpRajIOB. 

Vctpohctbo jui* peaxH HeMera^HqecxHx Maxe P Ha*OB, HanpHMep 
JmcxoBbix MaxepHa^oB, co fl ep*Hx hcxowhhx xen^oBoro HanpHMep' 
*a 3 ep 9 «p H r.4), Ha onxHiecxo* och xoxoporo ycxaHoaneHa oirrHwecxaa 
*oxvcH P yH,ma« cHcxe M a 10, cocxoainaa „a noBopoxaon, aepxa^a II H 
•poxvcHpv.omero o6b e xxHBa 12, 4x, P MK Pyi omero ^3 epHM fi „vhox 13 H a 
noBepxHocxH MaxepHa^a 14 b 30 He 15 peaxn. B Henocpe^cxBeHHofi e^aocra or 
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30hu pc3KH 15 pacnojioxen M exaHH3M 16 noaauM joiaaareHxa. BbiiKwiHeHHuil b 

BHfle *OpCyHKH 17 H BOflflHOro H B03flVIlIHOrO KjianaHOB 18 m 19 

o6ecne™,oiiiHx no^aiy B03flyiiiHo-Bo,UHOH CMecn, a^awmeifca 3<M«kthbh M m 
wiaaareHTOM, b soHy 15 pc3KH. MexaroiSM 16 nonaw xjiaaainrra CHa6*eH 
5 HanpawuioinHMH c MMxpoMcrpH^ecKHMH bhht3MH («a wepxexax He noxaaaHb,), 
oSecoeraiwioffliiMH bosmoxhoctt, ero npeiwsHOHHoro nepeMemenH* no 
KoopoHHa-raM X, Y. 

Pjwom c 30hoh 15 pc3KH pasMemeH MexaHM3M 20 HaHecemn. Hsupeaa 
BhmojiHeHHwii b BHae MMasHoii Hrjibi win apyroro peacvraero hhctp vMeirra * 
lOflaHHHH M exaHH3M 20 ycraHomieH c Bo 3 Mo*HocTbio nepeMerneHH* b 
BeprmcajibHOH iwocxocth no KOHTaxra c xaxepMajioM 14 b saaaHHOH xotixe c 
saaaHHUM peryjnipyeMbiM youmeM h b rencHHe 3a fl a H Horo npoMeacvrxa BpeMGHH. 
npn bosmhctbhh ajiMasHOH hivim Ha HcnoflBHJKHbiM MarepHaa 14 crfpasyercH 
toumhhh fl«pexx saaaHHoii rjiy6HHM, a npn BoaaeficTBHn a*Ma3HOH hivim H a 
15 nepewemaKMiwHca Maxep H a* 14, Ha noBepxHocxn MarepH^a 14 o6pa 3 vercs, 
Haape3 3aflaHHoii juihhn h m.v6hhu. 

Rji* yaepacaHH* MaxepHiuia b npouecce pesxn ycrpoiicTBo coaep*HX 
cpeacTBo 21 (pHxcauHH paspesaeMoro MaxepHa^a, Koropoe Moacex Sbm, 
BhiiKwmeHO b Bi«e iwacTHH-tpHxcaxopoB. B aaHHow oiyiae iwacrHHW-^HKcaTopH 
20 BbinojiHeHu c 6ox OB biMH sepxajibHUMH rpanawH noa vitiom 45 rpaavcoB h 
iiomhmo cpyHKUHM (pHxcauHH Maxepiuuia cnoco6cxBVK>x sapoxaeHHK) xpeinHHw na 
xpaio iuiacinHbi. 

OflHaxo HaH6ojiee y fl o6HbiM cpeacrBOM tpHKcaiw.. snuisexca naxvvMHas 
(pHKcamfa. 

25 B xaiecTBe cpeacxBa oxHocirrejibHoro nepeMeuieHHa Maxepnajia 14 h 

OCHOBHblX CpVHXUHOHaJlbHLlX va*OB, KOTOphJMM SMSnOXC* onrHiecKaa 

(poxycHpyjomas. cucreMa 10. wexaHHSM 16 nofl a<iH xjiaaareHxa h MexamwM 20 
HaHeceHMa Haapesa, moxvt 6bm> Hcno^bsoBaHb. paajiHTOHc BapHaarbi 
xoopflHHaTHbix h noBopoTHux cxojiob nna nepeMemeHim MarepnaJia 14 hjih 

30 onTHqecKHe xpaHcnoprsbie cpeacrBa W8 nepewemeHHs, ^aaepnoro nynxa h 
x/iaaareirra oxHocuxejibHo HenoaBHXHoro Marepnajia. 

B aaHHOM KOHxperaoM ycTpoiicTBe b xa«iecxBe cpejcxsa 22 nepeMemeHH* 
MarepHajia 14 Mcno.ibsoBaHa cwcxeMa noBopoxHoro h KoopaHHaxHoro cxo-hob 23 h 
24. Koxopbie o6ecneMHBaK>T nepewemeHHe Maxep H a™ 14 no jiio6omv saaaHHOMy 

35 KOHTypy. 

VnpamteHHe cpeacreoM 21 (pHxcauHH. cpeacxBOM 22 oxHocHrejibHoro 
nepeMemeHHa waxepHa^a 14. Mexa H H3MOM 16 noaa^n xaaaareHxa (nocpeacnioM 
ynpawieHHa boashwm h BoaayuiHbiM icnanaHaMM 18 »i 19). M exaHH3MOM 20 
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H&HeceHHsi Ha flpc3 a, onrHnecKOH <poxyc„p yi om e ,i chc^moh 10. .aaaepoM 9 
ocymecm,,^ c noMomwo ccreM* 25 ynpas^HMs,. CncreMa 25 ynpaimeHH* 
ocymecr^ser ynpa^eHne h cbs3b Me**y bccmh ^hkuhoh^^mh opnmaMH h 

HCnOJIHHTeJIbHHMH MCX3HH3MaMH VCTpOHCTBa B 33 BHCHMOCTH OT Sa^HHOH 

5 nporpaMMbi. 

npeo6pa30BaHM H ny^xa jiaaepHort, Ham^cm* c ra vccobhm 
pacnpe^eHHeM ^othocth mo^hocth b ny^ox. »MeK>mHH m noBCpxHOcnt 
Marep^a b nonepwHow cenemiH, npoxozwiueM wpea ue „Tp n v«uca 
pac„pe fl e*e„He iujothocth moiuhocth, y 6biBa fomeii or ne P H<pe P HH x U eHrpy 
10 ny^xa, ontHwecxa, (poxvcHpyKMoa* cHcreMa 10 co fl ep*„ T oim«ccxH fi a^Menr, 
HanpMMep. axcHxoH 26. 

3tot ace onrHnecxHii 3Jie M em Moxer 6biTb Hcno^osaH raxace jma 
<po P MH P OBa„„ 9 ny.xa, HMdoiuero cpopMv xo^ua. co B na;,a,omero c xonrypoM 
pe3XH no oxpyxHocTH. 

15 CcflveT oTMeTMTb, cro no^jyieHHs .naaepHon, nvwxa c aaaaHHUM 

pacnpe^enHeM n*0THOCTH mozuhocth „ c ^aunoU cpopMo* «a nosepxHoc™ 
MarepH^a evader Wmoe xo^hhcctbo xoHcrpyxTHBHbix peineHBH 
Hcno^mHx He TO » bK o npoapa^e on™ecx„e 3-neMeHnj, ho h 
orpaxaiomyio Merajuio-oimixy. a raxace hx xo M 6HHauH H . 
20 ^ •> B ' raCTHOCTH ' *"* Pea^aaoHH cnocoSa pe3XH no cxeMe, noxaaaHHo* »a 
2 ' MOX "° "^"OBarb Heno flB H*„oe noBopoxHoe 3epxa,o. xonHpvKHaee 
kohtvp P e 3 xH. Koropoe oyaer npeo6pa30B H ar b ™„ uii nyiox 

CtpOpMHpOBaHH U „ UMJlHHflpHleCKOH OnXHXOii. B HV-OX KpHBOJIHHeHHOH CpOpM* 

no cvnzecTBv coBnaaaKUueH c xonxypoM pe 3 XH. 3xox *e peay^rar Mo.er 6™ 
25*0^™ np„MeH e „M e M no„BH*„o ro rH6xoro aepxa^Horo a^MeHxa 
nepeMemarcmerocs, no xonHpy „ nonrop^njero cpopMv Kom-vpa peaxH 

B p« fl e c^y-aeB jwh n peaJi a pmcjlbHOm HaipeBa MaTCpimjJa u VCTpoAcTBO 

ZT" CP , C r B ° HarPeM MarePHa " a ' BNno - e HH°e b BHae n.ocxort, 
HarpeBare^is 27, paaMemeHHoro Ha noBoporHOM cxcie 23. 

30 B xaiecxBe cpe^c™ npeaBapnre^Horo Harpeea MarepH^a moxct 

^ raK5KC HCnMb ^H JOOfcfi H3BeCTHbIH HCTOMHHK TC^OBOrt, H3JIV*ieHHfl 

HanpMMep. , la3 ep. HHeppaxpacHa* .naMna hjih raaoaaa ropwxa. 

nops^ox pa6o™ ycrpoAcTBa zui« peaxH HeMera^HMecxHx Maxep.uu.oB 
nosiCHHM H a npHMepe H3roxoBjieHM a aeTajI „ c 3a MKHVTI>lM KpHBO , HHeHHI)IM 
35 xoHrypoM 28 «p„ r .5>. Bx/noqeHHeM Mexa„„ 3 Ma 20 HaHocHxcsi Haapea b xo„xe C 
2 K r;r !f ( * Hr ' 5 K ° aH0BpeMeHHO --v^™^ 3 anycx noBopoxnor. crca 

V J 8 HanPaMCHHH "P°™ B "p^XH C „„HeH„OH CXOpOCTbH, 

V-w R, me w - yiv.oBas, cxopocrb. R - p^Hyc xoHTypa, a «,epe 3 npoMe^vrox 
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BpcMCHH l-3tR/2 v, BK/HoiaeTCH Jiaacp 9. JlaaepHbifi nynox 13 HaHHHaer nporpeB 
noBcpxHOcni MatepHara 14. HaHHHaa c MOMwrra, xoraa nappes 29 Haxoairrca b 
tow D h coBnaaaer no cymecrey c cepeflHHoii nynxa 30. 3aTe M lepes 
npoMeacyrox BpeMeHH (b/2+l)/v oncpuBaJorcs mianaHw 18 h 19, a b Mecro c 
5 HaHeceHHMM HaapesoM 29 noaaerca BoamyniHo-BOflBHas CMecb (JoiaflareHT 2), b 
pe3yjibT3Te nero 3a cner peaxoro oxjiaxflCHHa Ttwibxo «jto nporperoro yuacnca 
MaTepwuia 14 npoHcxon.HT o6pa30BaHHe paawuiaiomeH TpemHHbi, xoTopaa no 
Mepe BpameHH* MaTepMana 14 pacnpocTpaHaercs no Koirrypy 28. B Teqeime 
BpeMeHH 

10 2j?R + b/2 



, 

v 



ocymecTBjiaeTca Boa/teHcrane Ha MaTepnaji 14 jia3epHoro ny«nca 30 h noaaia 
xjiaaareHra 2 b sohv peaxH. no HcreveHHH BpeMeHH tjnpoMaBOflHrcs Bbncjnoiemfe 
15 jiaaepa 9. aaxpuBaiOTca mianaHbi 18 h 19 h OTmnonaeTca npHBoa nosopoTHoro 
crojia 23. 

Oco6eHHo crporo Heo6xoaHMO coftnioAaTb noaieflOBaTejibHocn, h 
HaqajibHHH MOMeHT BiouoieHHa ochobhhx (pyHKUHOHajibHbix y3 JiOB np H peaxe no 
saMXHyroMv xpHBOJiHHeHHOMy xoirrypy. Tax, narpea Maxepnajia 14 H eo6xo fl HMO 
20 HaTOHaxi, b tot momcht BpeMeHH, xoraa Haapea 29, no cyniecTBv, coBnaaaer c 
ommecKOH ocuo cpoxycHpyiomero o6bexTHBa 12, to ecrb HaxoaHTca nocepeflHHe 
jiasepHoro ny<, K a 30. H eme fcwiee naxHo nawio no**™ xjiaflarenra 2 
ocymecnuiBTb HenocpeacTBeHHo b Mecro c HaHeceHHbiM HaapeaoM 29. to ecn, c 
aaaepxxoH no BpeMeHH no othoiuchhio x Hanany HarpeBa JiaaepnwM nyixoM 30 

25 Ha B£/IH*IHHy 

b/2 + 1 



Eoih noflany xjiaaareHra 2 HaiaTb noaxe aroro momchth, to o6paaoBaHHa 
30 xpemHHbi He npoHaoftaer, eaiH paHwue, to npoHaonaeT paaBimie TpenmHH b 
npoTOBono^ioxHyio CTopony, mto OTpHiaxejibHo cxa*ercsi n P H aaMbixaHHH 
rpeiUHHw no 3aMxnyTOMy xoHTvpy 28. 

npw npaMOJiHHeflHOH pe3xe yxa3aKHbje orpawmeHHs M eHee xphthihw h 
oxa3biBaiOT MeHbniee annaHue Ha ToiHocn. h xaiecTBo pe3KH. 
35 KpoMe Toro, oieHb na*HO, mtoou onunoieHne joiaaareirra 2 nocne 

aaBepnieHHa TexHOjionwecxoro muma npoHaBoawiocb H e ojjHOBpeMeHHO c 
BbnenoieHHeM *aaepa 9, a no xpaftHeii Mepe c toh *e Bpe M eHHOH aaaepxKoii. c 
xoTopofi npoHcxofliuio ero BbnunoieHHe. B hpothbhom oiynae aaMbixaHHa 
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TpemHHw no bcgmv xoHTypy He npoHaoHaeT. 

KDH BOJ , M Ba * HWM yai ° BHCM ^ nps,M °^ He «»°« P«Ke h np M p e3K e no 
KpH B o,„„ e „„o My xoHrypv ^erc* cxpora« ophch^uhs, no„o*eH„ a „ 
no ™h„h pe3x„. fla* e Heana^BHoe OTKjioHeHHe no„o*eHH a x^ are „ra 2 
5 or aa^aHHoro KOHrypa 30 np„ BOOTT k aaMetHOMy yxv fl n,eH„K> Ka^ecTBa peaKH h 

CHHXeHHK) TOqHOCTM pC3KH. K 

OnHcami we npeHMymecrsa aa^^Moro cnocoSa pea™ HeMera^eocHx 
Ma rep „a^oB, npeHMymccTBCHHo cre^a. h ycrpoHcrea ero ocvnxec^eHHs 

^«™«»« *** COBOKVnHOCT.K, 0T ,H^ b „ MX npH3HaIC0B , raK ^ 

10 HCK^OHeHHe ™6oro „ 3 H hx He odecne^aer nocnx^ noc^eHHOH 

Cnoco6 pe3K „ c noMomwo npea^eHHoro ycrpoHCTBa npome* 

ZlT™ " PeaJIH3 ° BaH BMPe3KM npe ~ — * - c!La, 
PUa ' CHTaj " a ' P fl;ia MOHOKpHcra^iH^ecKHx MarepH^OB „ noxaaa* 

15 B H !r OPHMOe nPCHMyU,eCTB ° «"« ^HUHOHHUMH MeTO^MH H3FOTOBJieHHH 

15 BbicoKOTOiHbix flerajieH h HaaejiMH. 

npHMeneHne onncaHHoro cnoco6a peaxn h ycrpoHCTBa H ap W co 
c_ M xpy.oeMKoc™ npouecca 3a ce* hck^chhs, onepauH{j 
a6pa3„BHon> urn^^ h aoBOnK » ropuea „ 3 ^ o6ecne,„Baer 

nOB^HHVK, Mexa„„,eCK yi O npoHHOCTB „ 3KC„,yaTaUHOHHVK> h^hocx. 

20 e^ianwap* 6e3 fl e*eKTHocTH kpomkh nocne ^aaepHOH pe3 xH. " 

npoMuuuieHHas npHMeHHMocn. 
aBTnMnfi HaCr0fflIee ™*pe»e moxct 6uTt Hcno,n,30Ba„o b 

^T am ^ H3roroMe ™ HH npeuHSHOH^x 
^pHcra^ecxHx HH.HxaxopoB H ^toh^ohob, Ma ram » wx H 

ZT 0n ™ qeCKHX flHCK ° B * 8 qaCOBO * npOM — hoc™ ms nan^eHH* 

^ B aBHaUH ° HHOfi "PO— CHHOCTH np„ H3rOTOBJieHHH „3 flCJ1 HH 

30 I"?/" onTHKH, b o6„acn, apx^exxyp. „ cxpoHMa.epHa.oB w 

ZTT pacKPOfl B TOM HHO,c B npoaecce BNpa6 °™. ■ — e b 

™/ TeXHHKH " nP ° H3BOflCTBa ' ™ hcho^vk,™ npeuH3HOHHbie 

mn. H3 HeMexa^H^ecKHx „a TC p„a, OB . J^HHoe H 3o6 P eTe„ Ile Moxer 6™ 
ycne^Ho Hcn0JIb30BaH0 ^ He xojibKo jihctobhx MaTepHajiofl ho h 

pe 3K H tpv6ok h apvrHx HaaejiHii, hmckjiuhx cpopwv rex BpameHHSi 
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OOPMYJ1A H30BPETEHHS 

1. Cnoco6 pC3KH HeMera/uiHiecKHx MarepHJuiOB, Bjunonaioiium Harpes 
nm ™ pe3a HCTOIIHHKOM TeiwoBoro Ha^eHHj., HanpHMep. jiaaepnbiM nyixoM 
5 JioxiuibHoe oxjiawemie yuacrxa oejiyneHH* c noMomMo xjuwareHra n P H 
oTHOCHTuibHOM nepeMememH yuacnca ooXvHeHHa h. no jcpaHHeii MC pe 
xjiaaareHxa, or^Huaionniifca xew, «rro HarpeB ocymecnuwKrr ny^xoM, HMetoniHM 
Ha noBepxHocTH MarepHaaa b noneperooM ceneHHH. npoxoflamex, «pe 3 uearp 
nyqjca, pacnpewmeHHe iu,othocth modxhocth HsjiyqeeHs, y6 HB aK)meft or 
10 nepncpepHH k uempy ny»ixa. 

2. Cnoco6 no n.l., orjimiaiomHHCH tcm, uto <po P Ma nyixa Ha 
noBepxHocTH Maxepna^a no cymecrBv coBnaaaer c xohtvdom pe3KH. 

3. Cnoco6 no nn.1,2, OTvmwaiomHMca reM. «rro npn pcaxe no 
K P HBo™„eHHOMy KOHTypy, HMeioineMy <i>opMy okpvxhocth. Harper, 

15 ocymecTB^^r ny-ncoM, hmooiiihm H a noBepxHocTH MaxepH^a cepnoBHjHyK) 
<po P My c paaHvcoM kphbhshu, no cymecrBv coBnazunomMM c paflHycoM 

OKpyjKHOCTH. 

4. Cnoco6 no nn.1.2, ow™^ reM, uto np H peaxe no aaMKnyroMy 
Komypy H arpeB ocymecr^nnoT nyixoM, HMeiomHM „ a noaepxHoc™ MarepHa^a, 

20 no cymecray cpopMy 3a MKHVToro xoirrypa. 

5. Cnoco6 no nn. 1,2,3,4, or^aromHHC^ T e M . „to aonojiHHrejibHO Ha 
noBepxHocTH MarepHiuia «a j,hhhh peaa HaHocrr „a fl pe3 npeHMvmecTBeHHO nepe fl 
HawajioM oxjiaxaeHHH yuacnca o6;iy«ieHHs MaTepnajia. 

6. VcrpoHCTBo a™ peaxH HeMerajuiMqecxHx MarepHsuioB, coaepacameee 
25 hctoihhk renaoBoro H3JiyqeHns, nanpHMep, aaaep (9). „a o.m,,e«OH och 

KOToporo ycraHoweHa c B03Mo>tcHocTbio nepeMemeHM,, bjxo^ H ee oimmeaca* 
(poKycHpyHJmas, cHcrewa (10), (popMHpywmaa ^aaepHbtfi nvnox (13) «a 
noBepxHocTH MarepHa^a (14), a b6,ih3h y^acrxa o6/iy < ieHHJi Marepmua we^av 
onrH,ecKOH cpoxycHpywraeH CHCreMoii (10) h MarepH^OM (14) vcraHoweH c 
30 B03Mo*Hocn,K) npeMemeHHs, orHocHrejibHo yuacrxa oo^em.* MaxepHaaa 
MexaHH3 M (16) no fl a«.„ x^areHra b 3o H y pe 3 xH, a Tax*e coaepacHT cpeacrBo 
(21) (pHxcauHH paapesaeMoro MarepKajja (14) h cpeacrBo (22) OTHOcrreabHoro 

nepeMemeHH« MaTepnajia, no xDafiHew m*™- . 

updHHen Mepe, OTHocHTejibHO 

x^a^reHTa.OT/iHMammerocs tcm. ™ nooieflOBare^bHOcrb h momcht bxjhotchhji 
35 jiaaepa (9) c onrauecKOH <DoxycH P viomeH chctcmoh (10) h Mexa H H3Ma (16) 
noaa^H xJiaaareHra, a raxxe wecro h npoao^HT^bHocrb B03 fl eHcn.H« ^aepHoro 
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nmca (13) n Mexa„H3 M a (16) noaa™ x,a fl a reHT a cBsaa™ co cpeacxBOM (22) hx 
OTHo™„oro nepeMemeHHs, „ e pe3 cncreMv ynpaa^HH, (25) h B^panu c 
y,exoM Mecra „a^a p C3 x„ np H n^eHHH aaaanHon, xonrypa pesxH 
HeMCTajunniecKoro MaTepnajia (14). 
5 7. VcrpoficTBo no n.6, or^aionxeecs, TCM . ^ D oim^eacaa 

axoncoH (26) ^oo^y^* nyiIOK ^ 3cpHoro £ ^ P ' 

pacnpe fle *e„HeM -othocth moo.hoc™ b ny,ox, MMe*™* „a noBepxnocxH 
MaTepH^a (14) b nonepe,„ OM ccichhh pacnp^eHne naorHoc™ Momnoc™, 
10 ygnsaionzeft ot nepHcbepim k uempy nynxa. 

8. Vctpohctbo no nn.6, 7, OT^HMaKjmHecs, reM^o oimmecxa* 

TJ™* CHCTeMa (,0> C ° flePXHT °™ ~ • *o P M„ Pyioni „* na 

cobZT MaTCPKajia <14> Jia3epHUft n - V " OK B *°P M -V. "0 cyn.eoBy 
coBnaaaiomyio c xomypoM pe3KH. 

»5 9. Vctpohctbo no nn.6, 7, 8. oT.H^Hec,, T e M . <rro oho 

*on OJI „H™ b „o COflepxHT MexaHH3M (2Q) HaHeceHMjr vnpaanaeMHii 
nocpeacTBOM CHCreMbi vnoaajirwuo r-y^ y«paanaeMHM 
crcMw ynpaaneHMs (25) h ycraHOB^ieHHbiH c bosmojkhoctmo 
. peryjiMpyeMoro no BDeMem » v,^„-..^ - ro 

BpeMeHH H VCWIHK) BOSfleHCTBH* B 33flaHHOii TOME 

CHcreMOM (10) h MaTepna/ioM (14). 

ynpaB.el JST"" "° ""^ ? ' * ™- ™ CHCre Ma 

Zv™ 1 C MCXaHH3MOM < 20 > . Ha^pesa, on™ecco* 

(pOKVCHpV^eH CHCTCMOH (10) H MeX3HH3MOM (16) VOW* X^HTa T3K STO 

B^eHHe on^ecxo* .poKycnpy^ chc™ (I0 , npoHSBoTJT ^ 
f BPCMa """'^'o 1 *^'""' MexannsMa (16) no„a,„ Mamnma (2) 

" V ,<n ° °™ 0meHMK > * "OMTHT V ^OKVCHpy.OmeH CHCTCMU ( 10 ) 

onpcfltnaeMyio cooTHomeHHeM: 
b/2 + 1 



30 v 



V 
V 



b - minus jiaaepHoro nyqxa na noBepxHoc™ Marepiiajia; 
cxopocTb OTHOCHTejibHoro nepeMemeHHa Marepiuuia h 
xjiaaareHra; 

35 ' " P accTO *HHe ot ^aaepHoro nyixa (30) no xjiaaareirra (2)- 

McxaH H 3M PH nT 00016 BKJ1K>,,eHHfl ^xvcMpyK*™ cncreMa O0) « 

J - n0flaHM 5 ° laaareHTa (2> HaXO;l5,TC,, B pa6 °™ ™">«HHH B 
no xpaH„e„ Mepe o,ho TO Tex„o,o™ecxor 0 UHX,a, o TCaeMOro 
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COOTHOQI6HMCM: 

L + b/2 
, « 

v 

5 rue L - AflHHa KOH-rypa pe3KH; 

V B P eMa OflHoro TexHOJioniqecKoro umuia. 



11. VcrpoiiCTBo no nn. 6, 7, 8, 9, 10, oniHuaioiaHeca tcm, «rro oho 
flono^HHTejibHo CHa6xe H o cdcactbom una Harper MarepHajia (14). 
10 12. ycrpoHCTBo no nn.ll, OTraiaiomHeca tcm. mto b xanecrBe cpeacrBa 

m * HarpeBa waTepHaaa HcnojjbsoBaH imockhh HarpeBarejib (27), H a kotopom 
pa3MemeH pa3pe3aeMbiH MarepHaji (14). 

13. VcxpoHCTBo no nn.ll, OTvmnaiomHecsi tcm, uto b KaiecrBe cpeacraa 
W- narpesa MarepHajia (14) Hcno,ib30BaH hctoihhk xeiwoBoro HanvneHH* 
15 HanpHMep. jiasep, HHqjpaicpacHaH jianna htih rasoBaa ropejnca. 
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